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The Value of Magnetic Resonance Imaging in the Assessment of Degenerative
Lumbar Spinal Stenosis
Richard Gagen
This thesis explores the role of magnetic resonance imaging (MRI) of the lumbar spine in patients with the main
clinical feature of lumbar spinal stenosis (LSS): neurogenic claudication (NC). NC is thought to be caused by
positional compressionof the cauda equina in a spinal canal narrowedbydegenerative change. MRI is the primary
tool for demonstrating such degeneration but no universally accepted and evidence based imaging definition of
LSS exists.
Systematic reviews of the literature are presented: the first finds the available studies comparing MRIs in
NC patients to a control group have unsuitable methodologies to propose a definition of stenosis, largely due to
use of imaging based inclusion criteria. The second finds the strength of relationship between canal size and
symptom severity in LSS patients is inconsistent across different studies, but with most papers using surgical
patient cohorts, likely to exclude those with minor symptoms.
A diagnostic cross-sectional study, including both community and secondary care based participants is de-
scribed, comparing MRIs in participants with NC and a separately recruited control group. Unlike prior studies,
NC patients are selected for inclusion based upon their clinical presentation alone. NC patients are found to
have smaller canals than the control group, but measurements of canal narrowing or qualitative judgement of
nerve root compression generally fail to accurately predict NC symptoms, and various methods of combining
the measurements, including machine learning techniques, fail to improve diagnostic accuracy. No convincing
relationship between symptom severity and canal size is identified.
A definition for radiological LSS is proposed for the central canal (grade C — Schizas et al. 2010) the lateral
recess (grade 2 nerve root entrapment – Bartynski et al. 2003), and the neural exit foramen (neural exit foramen
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1.1 A note on terminology…
A prospective attempt at reducing confusion.
The terms syndrome (a set of medical signs and
symptoms correlated with each other—OED-Online
(2019c)) anddisease (a particular abnormal condition
negatively affecting the structure or functionof anor-
ganism—OED-Online (2019a)) are often confusedor
used interchangeably. This occurs, understandably,
due to the often close pathological link that ties a syn-
drome and the particular disease causing it together.
Similarly the terms LSS and neurogenic claudica-
tion (the hallmark symptom associated with narrow-
ing of the lumbar canal) are often conflated. Des-
pite this, the pathological link between neurogenic
claudication and the anatomical narrowing ascribed
to cause it is far fromclearly understood. It is possible
for patients with apparently severe canal narrowing
to have no symptoms and, vice versa, patients with
a classical syndromic presentation of LSS may have
no detectable abnormality of the lumbar spinal canal
(Andreisek et al. 2011).
In order to profitably discuss lumbar spinal sten-
osis it is necessary to separate its various parts and, as
such, I adopt the following general definitionswithin
this thesis:
• Intermittent claudication—buttock and/or leg pain
induced by exercise and relieved by rest.
• Vascular claudication — intermittent claudication
relating to exercise induced ischaemia of the lower
limb secondary to vascular insufficiency.
• Neurogenic claudication — intermittent claudica-
tion symptoms thought to be related to exercise
exacerbated pathology affecting the lumbar nerve
roots.
• Anatomical lumbar spinal stenosis — abnormal nar-
rowing of the lumbar spinal canal to the level
where it potentially compresses or otherwise im-
pairs the function of the canal contents. This term
is used to refer to anatomical changes in isolation
from the symptomatic status of the patient.
• Symptomatic lumbar spinal stenosis — abnormal
narrowingof the canalwhere thepatient is sympto-
matic and lumbar canal narrowing is the presumed
cause of this.
Use of themany synonymsof the terms above that
occur in the literature (e.g. pseudoclaudication, spon-
dylotic caudal radiculopathy, etc.) are avoided.
In addition, when discussing lumbar spinal sten-
osis in the context of its aetiology the following terms
may be used.
• Degenerative lumbar spinal stenosis — anatomical
lumbar spinal stenosis caused by accumulated
lumbar degenerative change. These changes in-
clude hypertrophy of the facets and ligamentum
flavum, bulging of the disc and spondylolisthesis.
• Congenital lumbar spinal stenosis — anatomical
lumbar spinal stenosis manifesting clinically dur-
ing childhood and caused by abnormal foetal de-
velopment, for instance congenital malformations
of the spine.
• Developmental lumbar spinal stenosis — lumbar
canal narrowing, genetic or environmental in ori-
gin, caused by reduced growth of the lumbar canal
and only manifesting clinically when growth is
complete and superimposed upon subsequent de-
generative change.
The separate definitions of congenital and devel-
opmental LSS were established by Verbiest (1976).
This thesis almost exclusively deals with degenerat-
ive LSS, primarily occurring in those over 50 years
of age. Developmental narrowing of the canal is
considered where it may act as a predisposing factor
for degenerative symptomatic LSS. Congenital causes
of canal stenosis may be used to illustrate poten-
tial pathophysiological concepts but otherwise are
largely excluded from the subsequent work.
In general, unqualified use of the term lumbar
spinal stenosis is avoided as I find different people




1.2 A history of low back and leg pain…
A history of knowledge relating to the spinal canal and the first descriptions of lumbar spinal stenosis.
1.2.1 Early descriptions of the spinal canal
Some of the earliest surviving descriptions of the
spinal canal occur in the writings of Galen (Viale
2004). Galen lived during the second century AD,
six centuries after Hippocrates, and rose to fame after
becoming the personal physician of the stoic philo-
sopherMarcus Aurelius, last of the “five good emper-
ors” of Rome (Machiavelli 1517). It is not clear how
much of Galen’s contribution to knowledge regard-
ing the spine is original; he in part learnt his craft at
the Alexandrian schools of anatomy and almost cer-
tainly was influenced by earlier authors (Viale 2004).
Established by the Ptolemaic dynasty, the Alexan-
drian schools had allowed anatomical knowledge to
flourish, but by the time of Galen human dissection
was largely forbidden and and the schools long past
their prime. Galen’s practical anatomy was derived
from studying the wounds of gladiators and the dis-
section of animals (Marketos et al. 1999).
Galen described the spine largely in teleological
terms. For example, in de usu partium corporis humani
(on the usefulness of the parts of the body) Galen dis-
cusses the balance between the number of vertebra
and the strength and function of the spine—fewer
vertebra he believeswould favour a rigid and stronger
spine, while more vertebra allow greater movement,
vital for life, but also the source of the spines vulner-
ability (translation: Galen et al. 1968). He also points
out a large number of vertebra allows the spine to
bend in a circular rather than angular manner, avoid-
ing injury to the spinal cord.
In de ossibus ad tirones—on bones for beginners
(translation: Galen 2011b)—and de nervorum dissec-
tione—on the dissection of nerves (translation: Ga-
len 2011a)—Galen describes the anatomyof the canal
and its contents. The canal is formed by the ver-
tebral arch extending from the vertebral body anteri-
orly, the bony structures surrounding and protect-
ing the spinal cord and acting as sites for articulation
between vertebra to allow flexion. The cord itself is
surrounded within the canal by an extension of the
meninges (the dural sac). Each nerve root originat-
ing from the cord leaves the spine laterally through
rounded foramina formed between each adjacent ver-
tebra. The lateral position of the foramina, argues
Galen, avoids an overly long course for the nerves,
risking injury, while also not passing more directly
through the vertebral bodies as that would jeopardise
their strength. Galen understood that the cord con-
stituted a continuation of the brain and that it was
responsible in part for orchestratingmovement of the
trunk and limbs. Through experimental transections
on animals he mapped the both segmental nature of
the cord and the sensory andmotor innervationof the
nerve roots (Marketos et al. 1999).
Galen’s descriptions dominated Western medical
thinking until the sixteenth century when his work
began to be challenged as the Church’s authority
waned and human dissection again began to be prac-
tised. Leonardo da’Vinci included in his anatomical
studies depictions of the spine, spinal cord and nerve
roots showing a clear progression in accuracy over
time (Bowen et al. 2017). In 1543, Andreas Vesalius
published de humani corporis fabrica (on the fabric
of human body), based upon human dissection, and
freed medicine from Galen’s grasp by showing mul-
tiple errors in the masters work. Despite this de fab-
rica added little in terms of spinal anatomy to Galen’s
original descriptions (Marketos et al. 1999) andmany
parts of the discussion relating to the spine clearly
echo the arguments on spinal anatomy and function
from 1200 years earlier (Richardson et al. 1998).
1.2.2 Getting to cauda equina compression…
In 1804, Antoine Portal, French physician and fu-
ture founder of the Académie National de Médecine,
first suggested abnormal lower limb neurology could
be caused by changes in the size of the spinal canal
(Portal 1804). This suggestion however seems to
have had relatively little effect on prevalent med-
ical thinking of the time and did not inspire much
further investigation. Instead the literature related
to spinal causes of leg symptoms became domin-
ated by exploring vascular aetiologies, likely second-
ary to Jean-Martin Charcot’s highly influential de-
scription of intermittent claudication in 1859 in a pa-
tient with an aortic aneurysm (Nixon 1987). Char-
cot’s patient complained of leg pain and dysfunc-
tion brought on by walking short distances and re-
lieved by rest. This was attributed to ischaemia of
the muscles and nerves of the legs brought on by ex-
ercise (Charcot 1859). Similarly, Bramwell (1886) re-
ported cases in which vascular insufficiency related
to aortic aneurysms appeared to cause neurological
symptoms in the lower extremities. Unlike Charcot,
Bramwell thought the symptoms could be generated
by intermittent ischaemia of the lower spinal cord
and nerve roots rather than through direct ischaemia
of the nervous structures in the leg. Following on
from this work, Dejerine in 1911 coined the term in-
termittent claudication of the spinal cord, a condition
that he believed could mimic the vascular claudica-
tion described by Charcot. He described a case of a 37
year old women with a syphilitic vasculitis and para-
paresis brought on by walking. This was accompan-
ied by variable uppermotor neuron signs anddisturb-
ance of micturition (Dejerine 1911).
Oppenhiem and Kause began to turn interest to-
wards compressive pathologies affecting the cauda
equina by publishing the first description of cauda
equina syndrome, or as the authors put it— strangu-
lation of the cauda equina (Oppenheim et al. 1909).
Shortly after, C.A. Elsberg described a patient with
cauda equina related symptoms who had a markedly
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enlarged ligamentum flavum found on operation
(Elsberg 1913). Removal of the hypertrophied lig-
ament appeared to completely relieve the patients
symptoms.
In 1934, Mixter and Barr published their seminal
paper linking disc pathology to radicular pain. The
paper presented a case series of patients with sciat-
ica who, on operation, were found to have compres-
sion of individual spinal nerve roots caused by a tear
of the disc annulus and subsequent extrusion of disc
material into the spinal canal. Surgical removal of
the extruded disc material provided symptomatic re-
lief (Mixter et al. 2009). Sciatica, previously thought
to be caused by a rheumatic condition resulting in
inflammation of the nerve itself, was transformed to
a potentially surgically treatable condition (Wilmink
2010d). While this paper referred purely to radicu-
lar pain rather than claudication, it firmly established
nerve root compression by degenerative processes as
a cause for radiating back pain.
H.A. Brown in 1938, referring back to the pre-
viously mentioned paper by C.A Elsberg, presen-
ted a case series of seven patients with ligamentum
flavum thickening, and wrote of the difficulty and
sometimes impossibility of distinguishing patients
with prolapsed discs from those with ligamentum
flavum thickening clinically (Brown 1938). With
time, the importance of the postural dependency of
the symptoms became more apparent, for instance
Van Gelderen (1948) described two cases of patients
again with symptomatic hypertrophy of the liga-
mentum flavum whose lower limb pain was exacer-
bated by walking but not by cycling (an exercise in
which the lumbar spine remains flexed), sharply dis-
tinguishing this presentation from vascular claudica-
tion, where posture during exercise would not be ex-
pected to have an effect (Wilmink 2010c).
Verbiest (1954) is often credited with the first
true description of symptomatic lumbar spinal sten-
osis (for example: Moses et al. 2015). He presen-
ted a case series of seven patients with bilateral ra-
dicular symptoms, tiredness, loss of power and an-
aesthesia of the legs that was exacerbated by stand-
ing or walking but absent in recumbency. Verbiest
commented that the symptoms could easily be mis-
taken for vascular claudication but on investigation
each showed a myelographic block caused by general
narrowing of the spinal canal—a contrast agent in-
jected into the lower dural-sac failed to pass beyond
the area of canal narrowing. This block appeared to
ease in several of the patients when the patient as-
sumed a recumbent position. Verbiest believed the
patients’ posture and exercise related symptomswere
associated with positional compression of the cauda
equina at the narrowed canal segment, exacerbated
by extension of the lumbar spine, and later coined the
term neurogenic intermittent claudication to describe
the syndromic presentation (Verbiest 1976). Similar
to the previous case studies described, operative relief
of the canal narrowing and consequently the cauda
equina compression appeared to relieved the patients
symptoms.
The discovery that Verbiest’s patients had
markedly reduced diameters of the bony canal, both
measured intraoperatively and on lateral radiographs,
led to the belief that the observed canal narrowing
was caused by abnormally short pedicles, likely sec-
ondary to a defect of development (Verbiest 1976).
These findings lead to a search for diagnostic meas-
urements for stenosis on plain films and this search
dominated the next two decades of research on LSS
(Nixon 1987).
1.2.3 Early attempts to define LSS
Stenosis is defined by the Oxford English Diction-
ary to be a contraction or stricture of a passage, duct
or canal. The term originates from the Greek term
stegnosis, meaning narrow (OED-Online 2019b).
The term was prominent in the writings of ancient
medical authors but later largely disappears from
the medical literature until the nineteenth century
when it changed subtly in meaning to become a term
used primarily for the description of impediment to
the transport of fluids through tubular structures,
used particularly when discussing vascular narrow-
ing (Verbiest 1976).
While Verbiest himself popularised “stenosis” for
the description of canal narrowing, he later con-
sidered this a mistake, having intended the term to
refer to the observed obstruction of contrast flow on
myelography rather than directly to the anatomical
changes. Having switched to the term narrowing
for subsequent papers, he eventually admitted defeat,
and switched back to using lumbar canal stenosis in
1976 (Verbiest 1976), submitting to the trend he had
started.
The first attempt to provide a consensus defin-
ition of lumbar spinal stenosis was provided by
Arnoldi et al. (1976). The definition included any
type of narrowing of the spinal canal, nerve root
canals or intervertebral foramina and allowed it to
be local, segmental or generalised; caused by bone
or soft tissue; and involve the canal, dural sac or
both. The definition also included narrowing caused
by disc herniations. Verbiest objected to this defin-
ition, believing it too broad, and thought the term
should be limited to caseswhere thewhole content of
the canalwas compressed between two opposite parts
of the canal wall (Verbiest 1976).
The literature’s use of the term stenosis remains
vague, as discussed in the previous section. While
a 2013 consensus definition by the North American
Spinal Society (NASS) has helped a little (discussed
further in § 1.5.1), it is not universally accepted and
has its own problems. Part of the issue is that despite
advancements in diagnostic technology, understand-
ing of the link between the anatomical changes and
the pathophysiology of the condition remain poorly
defined and the debate between the differential con-
tributions of cauda equina compression and other po-
tential pathological mechanisms continues (Andre-
isek et al. 2011).
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The 1970s and 1980s saw the development of
computed tomography (CT) and MRI imaging which
revolutionised the diagnostic approach to spinal con-
ditions. Verbiest began work on CT imaging in LSS
by the late 1970s (Verbiest 1979), however, as access
to cross-sectional imaging become easier and more
prevalent the focus of the literature began to shift
away from the congenital and developmental causes
of stenosis he had described, towards the degener-
ative causes of canal narrowing that it rapidly be-
came obvious was much more prevalent (Brinjikji et
al. 2015b). The diagnostic potential of one of these
new imaging modalities, MRI, for the diagnosis of
anatomical LSS will be explored in this thesis.
1.3 Chordata
The anatomy of the lumbar spinal canal, its normal function and variability within and between individuals.
1.3.1 Basic anatomy of the lumbar spine
The spine is a complex biomechanical system, con-
sisting of a variable number of bony vertebrae and
the articulations between them (Bogduk 2012). The
spine serves to support the trunk and head, acts as
a site of muscular attachment, and also protects the
spinal cord and nerve roots that ultimately form the
somatic and sympathetic nervous supply to the trunk
and limbs. The lumbar spine normally consists of
five vertebra and runs between the sacrum, which
connects the spine to the pelvis, and the thoracic
spine. The lumbar vertebrae are labelled L1 to L5,
moving from superior to inferior levels.
The anterior aspect of each vertebra consists of
a box shaped vertebral body that serves the primary
weight bearing function of the spine. Load is trans-
mitted from vertebral body to vertebral body in the
longitudinal direction through the superior and in-
ferior end plates, forming the roof and floor of each
vertebral body box. The internal structure of the
vertebral body resists this loading through a lattice
of trabeculae: longitudinal trabeculae transmit load
between the superior and inferior end-plates and ho-
rizontal trabeculae prevent any tendency of the ver-
tical struts to bowunder load (Izzo et al. 2013a). Mov-
ing inferiorly in the spine, there is a progressive in-
crease in vertebral body size corresponding to the in-
creasing load each inferior vertebral body must carry
(Fang et al. 1994). This trend ends at the sacrum.
The end-plates of the vertebral bodies are separ-
ated from their neighbours by cartilaginous interver-
tebral disc (Clarençon et al. 2016)—this separation is
necessary to facilitate rocking movements of the ver-
tebral bodies relative to each other and hence allow
flexion and extension movements (Bogduk 2012).
Similar to the vertebral bodies, the discs increase in
size moving inferiorly, reaching a maximum at the
L4–5 disc (Fang et al. 1994).
Centrally the disc consists of a gelatinous nuc-
leus pulposus, semi-fluid in consistency, that is sur-
rounded and kept in position by the annulus fibrosus
(F. Wang et al. 2016). Embryologically the nucleus
pulposus is formed from the notochord (Zhao et al.
2007) and around 65% of its dry weight consists of
proteoglycans. The high proteoglycan content res-
ults in retention of water in the disc that constitutes
about 70% to 90% of its weight in vivo and gives it
its fluid properties (Bogduk 2012). The annulus con-
sists of 10 to 20 concentric lamellae and is strongly
attached to the margins of the end-plates of the ad-
jacent vertebral bodies. Each lamella is only loosely
interconnected to its neighbours, allowing the disc
to deform during movement of the spine (Bibby et
al. 2001). Under axial loading, the nucleus pulposus
exerts pressure in all directions, transferring the ma-
jority of the load between vertebrae, and is prevented
from escaping the disc space by the annulus and the
end-plates. Intradiscal pressures may rise on moving
from a reclined to sitting position by up to 100% (Na-
chemson et al. 1964). The annulus stretches under
such loads and hence stores energy, allowing it to act
as a shock absorber. In bending movements, the an-
nulus on the side of the disc away from themovement
may also transfer tension between vertebrae (Bibby et
al. 2001). The end-plates are cartilaginous and cover
the superior and inferior aspects of the disc. They are
composed of hyline cartilage centrally and fibrocar-
tilage at the site of articulation with the inner aspect
of the annulus fibrosus. (Bogduk 2012)
Posterior to each vertebral body extends an arch
of bone—the neural arch. The base of the arch bi-
laterally is formed by the pedicles that extend pos-
teriorly from the posterolateral aspects of the verteb-
ral body. From the posterior aspect of the pedicles
the lamina extend towards the midline, connecting
to complete the arch. Three elongated bony processes
project from the arch: from the posterior midline the
spinous process, and laterally from the junction of
the pedicles and laminas paired transverse processes.
These processes act as levers for variousmuscular and
ligamentous attachments (Bogduk 2012).
The lamina also forms two articular processes on
each side, inferior and superior, which extend to-
wards the articular processes of the adjacent neural
arches and form faceted diarthrodial synovial joints
(Clarençon et al. 2016). These joints are variously
called zygapophyseal joints, apophyseal joints or
facet joints (a non-specific term Professor Bogduk
(2012) calls “lazy and deplorable”). The joints are
surrounded by a capsule that is replaced anteriorly
by the ligamentum flavum. The part of the lam-
ina between the superior and inferior articular pro-
cess is known as the pars interarticularis and the cor-
tical bone there is generally thicker any other part of
the lamina (Beresford et al. 2010), reflecting its role
in transmission of forces during loading of the facet
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Figure 1.1: Basic anatomy of the lumbar vertebral column with demonstrated of degenerative changes that may occur with
age. Reproduced with permission from Katz (2008). Clinical practice. Lumbar spinal stenosis. The New England Journal of
Medicine, 358(8), 818–825. Copyright Massachusetts Medical Society.
joints.
The zygapophyseal joints support about 16% of
the vertical load in normal standing posture but in
extension the compressive load increases as the facet
joints close (Dreyer et al. 1996). They also play ma-
jor roles in stabilising the spine during movement.
During sudden application of a shear force both the
intervertebral disc and zygapophyseal joints resist,
however, if the force is applied slowly the viscoelastic
nature of the disc and horizontal orientation of the
end plates means the majority of this work falls to
the zygapophyseal joints (Serhan et al. 2007). The
types of shear and rotational forces resisted depends
on the joints’ orientation and this can vary from level
to level to restrict or allow relative movement of ad-
jacent vertebrae in different ways. In the superior
lumbar levels the facets are more sagittal and curved
in orientation, similar to those of the thoracic spine,
helping resist axial rotation. There is a gradual trans-
ition moving inferiorly towards a more coronal and
flat orientation, helping resist against flexion and
antero-posterior shear (Beresford et al. 2010). Simil-
arly, there is a general increase in surface area of the
articular facets moving from L1 to S1 (Serhan et al.
2007), likely reflecting the increasing load the lower
vertebra carry.
Passive stabilisation of the spine is provided by
a number of ligaments. The anterior and posterior
longitudinal ligaments connect the anterior and pos-
terior surfaces of the vertebral bodies as a long band,
inferiorly connected to the sacrum and superiorly
continuing over the thoracic vertebra (Loughenbury
et al. 2006). The ligaments are connected both to
the superior and inferior aspects of the vertebral body
surfaces and to the anterior and posterior disc annu-
lus. They are not attached to the concavemid verteb-
ral body and create a small space deep to the ligament
at each vertebral level. The posterior longitudinal lig-
ament, broad over each disc, narrows to a thin strip in
its unattached mid-vertebral segments.
Multiple ligaments also join the neural arches of
each vertebra. The ligamentum flavum is a broad
band, joining the lamina of each vertebra and form-
ing the anterior capsule of the zygapophyseal joints.
The ligament consists of around 80% elastin (giving
it the yellow colour for which it is named) and 20%
collagen. Its elastic nature is likely to be import-
ant in helping restore the spine to a neutral from ex-
tended position, where the neural arches are separ-
ated and the flavum stretched (Grenier et al. 1987).
Between each spinous process runs fibres of the in-
terspinous ligament, these fibres are largely parallel
to the processes and hence provide little resistance to
flexion. In addition, a supraspinous ligament runs
over the ends of the spinous processes at superior
levels, terminating in most individuals at L3. Sheets
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of connective tissue also run between the transverse
processes, are often called inter-transverse ligaments,
but are in realitymore of a fascial plane separating the
anterior from posterior spinal musculature (Bogduk
2012).
The normal spine demonstrates three curvatures,
a cervical and lumbar lordosis and a thoracic
kyphosis, forming an overall S-shape in the sagit-
tal plane. These curvatures play a role in increasing
resistance to vertical loads by directing loading forces
into the muscular contractions required to maintain
the curvatures (Galbusera et al. 2016). The lumbar
lordosis is in part determined by pelvic factors—the
sacrum is tilted so that its upper surface that articu-
lates with L5 slopes downwards and forwards. In or-
der to regain an upward orientation the lumbar spine
must therefore curve posteriorly. The relatively pos-
teriorlywedged shaped nature of both the L5 vertebra
and L5/S1 disc helps achieve this. The lordosis is not
fixed but reduces with forward flexion and increases
with extension movements (Bogduk 2012).
Having described the basic structure of the
lumbar spine, we will nowmove on to describe in de-
tail the lumbar spinal canal and its contents, whose
narrowing with age largely forms the subject of this
thesis.
1.3.2 The lumbar spinal canal and its contents
The boundaries of the canal
The space encircled by the neural arch of each ver-
tebra is referred to as the vertebral foramina. The
lumbar spinal canal is the channel formed by verteb-
ral foramina at each lumbar level and the ligament-
ous structures joining them. Its function is to con-
duct and protect the nerve roots of the cauda equina
as they run from the termination of the spinal cord to
their exit from the canal, where they ultimately form
the nerves that innervate the lower back, pelvis and
lower limbs (Bogduk 2012).
As is implied by the above, the canal has alternat-
ingbony and ligamentous portions (Wilmink2010b).
The bony segments are formed by the neural arch,
with the vertebral body anteriorly, the pedicles later-
ally and the lamina posteriorly. The ligamentous por-
tion is formed by the posterior disc annulus anteri-
orly (with overlying posterior longitudinal ligament),
the ligamentum flavum posteriorly and facet joint
capsules posterolaterally. Inferior to each pedicle the
canal is open (the neural exit foramen) and this open-
ing allows both the nerve roots to exit and for arterial,
venous and lymphatic supply of the canals contents.
The normal shape of the canal changes from oval
at L1 to a triangular shape at L5 and S1 (Aly et al.
2013). A trefoil shaped canal, while often associated
with enlargement of the facet joints, is seen in around
30% of asymptomatic individuals at L5 and is likely to
represent a normal developmental variant (Gouzien
et al. 1990). Discussion of normal canal size is made,
alongside descriptions of the various imaging meas-
urements of the canal, in §1.3.3.
The cauda equina
The spinal cord ends inferiorly at the conus
medullaris, which normally lies at the L1–2 vertebral
level. From the conus arise multiple ventral (sens-
ory) and dorsal (motor) rootlets that coalesce to form
first nerve roots and finally the mixed spinal nerves
that provide the segmental supply of the pelvis and
lower limbs. The spinal nerves are labelled according
to the neural exit foramen through which they leave
the canal, generally one spinal nerve per foramen,
and hence are labelled L1 through L5 for the lumbar
spinal nerves and S1 through S5 for the sacral spinal
nerves. The nerve roots within the canal are are col-
lectively referred to as the cauda equina (horse’s tail)
(Wilmink 2010b).
The spinal cord and cauda equina is surrounded
by an extension of all three cranial meningeal lay-
ers. The structure of the spinal meninges largely con-
forms to that of the cranial meninges, with the excep-
tion that the duramater is not directly adherent to the
bony boundaries of the canal and instead forms the
dural or thecal sac (Vandenabeele et al. 1996). The sac
contains the cerebrospinal fluid (CSF) in which the
cord and cauda equinabathe andnormally ends at the
upper part of the S2 vertebral body (Bogduk 2012). It
is surrounded by an epidural space, described in the
section below.
Within the normal dural sac, the cauda equina
roots settle dependently, layering posteriorly in a su-
pine individual. Moving inferiorly, nerve roots about
to leave the canal first move from the central canal
to the lateral margins of the dural sac before leaving
the dural sac proper within a nerve root sleeve. The
sleeve constitutes a roughly cylindrical extension of
dura mater and CSF and passes through the lateral
aspect of the canal en-route to the neural exit fora-
men (Wilmink 2010b). The dorsal root ganglion, a
swelling of the dorsal nerve rootwhich contains sens-
ory neuron cell bodies, lies at the termination of the
nerve root sleevewithin the neural exit foramen, usu-
ally directly inferior to the pedicle.
In a cadaveric study of 33 individuals, Suh et al.
(2005) demonstrated that the nerve root sleeves at
all lumbar levels leaves the dural sac superior to the
disc level at which the nerve root exits and hence
travel obliquely towards the neural exit foramen. The
sleeves originated just below the pedicle in the upper
lumbar spine, giving a shorter and more more trans-
verse course relative to inferior lumbar levels where
the sleeve originated closer to the disc level above
andhence had a longer andmore longitudinal course.
The L5 nerve root sleeves were sometimes seen to ori-
ginate above the level of the L4/5 disc.
The dural sac is partially tethered to the surround-
ing canal by concentrations of the surrounding epi-
dural fascia (meningovertebral ligaments), ventrally
this takes the form of a network of filaments and
median septa to the posterior longitudinal ligament.
In addition, each nerve root sleeve is both tethered
anteriorly to the posterior longitudinal ligament and
laterally to the pedicle (Barbaix et al. 1996). Thenerve
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Figure 1.2: Anatomy of the spinal canal demonstrated on T2-weighted MRI. Panel A: Mid-sagittal image with labelled ver-
tebral bodies, excluding L3. Panel B: Axial slice at the pedicular level. Panel C: Axial slice at the disc level. Arrowed structures:
A – intervertebral disc, B – vertebral body, C – pedicle, D – nerve roots within the spinal canal, E – skin of the back, F – posterior
annulus of the intervertebral disc, G – nerve root within the neural exit foramen, H – facet joint, I – ligamentum flavum, J –
spinous process.
root sleeve is also bound by four foraminal ligaments
extending in the form of a cross to the bony bound-
aries of the neural exit foramen (Grimes et al. 2000).
Despite these attachments, the dural sac and nerve
root sleeves can show considerable movement dur-
ing flexion and extension of the spine (Wilmink et al.
1988).
Once the spinal nerve roots have formed and left
the canal they divide forming a dorsal ramus, which
innervates the local spinal structures and skin of the
back, and a ventral ramus that contributes to the lum-
bosacral plexus (Bose et al. 1984).
The lateral recess and neural exit foramen
The lateral recess is the part of the canal contain-
ing the exiting nerve root and its dural sleeve as it
moves towards the neural exit foramen. It has both
a superior ligamentous portion and an inferior bony
portion. The ligamentous lateral recess is formed by
the posterolateral disc annulus anteriorly andposteri-
orly by the zygapophyseal joint capsule/ligamentum
flavum. The inferior bony lateral recess is formed
by the dorsal surface of the vertebral body anteriorly,
the superior articular process of the zygapophyseal
joint posteriorly and the pedicle laterally. The me-
dial aspect of both bony and ligamentous portions
is open and defined by a plane running anteriorly
from the medial edge of the superior articular facet
(Wilmink 2010b). While the definition of the lateral
recess is somewhat arbitrary, its importance comes
from the fact degenerative hypertrophy of the liga-
mentum flavum and zygapophyseal joint can cause
it to be significantly narrowed, entrapping the nerve
root transiting to the foramina and causing radicular
pain, and this can occur in isolation from any degen-
erative change affecting the rest of the canal (Bartyn-
ski et al. 2003). Wilmink (2010b) suggests the true
lateral recess only exists in the lower lumbar spine
where the canal becomes triangular or trefoil in mor-
phology. In the upper lumbar spine, little of the canal
lies below the articular processes.
The neural exit foramen forms the lateral aspect of
the spinal canal inferior to the pedicles at each level
bilaterally. It lies at the inferior aspect of bony lat-
eral recess and is bordered both superiorly and inferi-
orly by the pedicles of the adjacent vertebra. Anteri-
orly the superior aspect is formedby the posterior ver-
tebral body cortex and the inferior aspect is formed
by the posterior disc annulus. The posterior border
of the canal is formed by the articular processes and
the overlying ligaments (Bose et al. 1984). The fo-
ramina are normally round or oval in shape, with
cross sectional area increasing between L1/2 to L4/5
7
Chapter 1
Figure 1.3: Sagittal anatomy of the neural exit foramen on T2-weighted MRI sequences. Arrowed structures: A – interver-
tebral disc, B – vertebral body, C – pedicle, D – nerve root within the neural exit foramen, E – superior articular facet.
with the L5/S1 foramina beingmuch smaller than the
rest (but also containing the largest nerve root) (Bog-
duk 2012). The spinal nerve passes through the su-
perior aspect of the foramenwith ligamentous attach-
ments as already described. Several transforaminal
ligaments have also been described, the most com-
mon being a band running from posterolateral ver-
tebral body to the base of the transverse process of the
same vertebra (Bogduk 2012).
Some authors consider the bony lateral recess and
neural exit foramen together to constitute a nerve
root canal, which, like the nerve root sheathes, be-
come longer andmore longitudinally orientated at in-
ferior levels (Bose et al. 1984).
The epidural space, vascular and nervous supply of the
canal
The epidural space surrounds the dural sac and con-
tains adipose tissue, and a plexus of veins, arteries
and nerves, all contained within loose areolar con-
nective tissue (Bogduk 2012). The epidural space an-
terior to the dural sac is divided behind each verteb-
ral body by the posterior longitudinal ligament. Thin
membranes extend bilaterally from the posterior lon-
gitudinal ligament to insert into the lateral walls of
the spinal canal, forming an anterior epidural space
behind each vertebral body, separate to the rest of the
canal (Schellinger et al. 1990). This space is divided
in two by a membrane in the midline connecting the
posterior longitudinal ligament to the vertebral body
(Loughenbury et al. 2006).
Epidural fat partially or completely surrounds the
dural sac. It often present anteriorly, smoothing the
irregular contour of the posterior vertebral bodies and
present posteriorly as a retrodural fat pad, between
the dural sac and ligamentumflavum. The size of the
retrodural fat pad tends to increase at more inferior
lumbar levels (Wilmink 2010b).
The arterial supply of the canal contents is de-
rived from the paired lumbar arteries that arise from
the aorta ventral to each lumbar vertebra and wrap
around the vertebral body bilaterally. At the level of
the neural exit foramen the arteries divide to form a
posterior branch that anastomoses around the pos-
terior aspect of the neural arch and several branches
that enter the intervertebral foramina. An anterior
spinal canal branch runs along the anterior aspect
of the canal, anastomosing between levels, a pos-
terior spinal canal branch runs along the inner as-
pect of the lamina and ligamentum flavum and a ra-
dicular branch forms a plexus around the dorsal root
ganglion before entering and running superiorly in
the nerve root as the distal radicular artery (Bogduk
2012).
The venous drainage of the canal contents is
primarily via the internal vertebral venous plexus.
This anterior plexus has a ladder like appearance,
connecting across themidline in the anterior epidural
space behind each vertebral body, and moving later-
ally in both directions to pass the disc over its poster-
olateral aspects. No veins pass directly over the dorsal
part of the disc annulus (Manaka et al. 2003). A less
significant posterior intervertebral plexus also runs
along the lamina and flavum. The internal spinous
plexus connects to the ascending lumbar veins (part
of the external vertebral plexus) via veins passing
through the intervertebral foramina. These veins
formpart of an external vertebral plexuswhich drains
to the common iliac veins inferiorly and the azygos
system superiorly (Wilmink 2010b).
The nerve roots of the cauda equina receive a dual
blood supply and drainage. Proximally they are sup-
plied by dorsal and ventral proximal radicular arter-
ies (arising indirectly from the posterior and anterior
spinal arteries)which enter each root, join to form the
proximal radicular artery, and follow the root along
its length before anastomosing with the distal ra-
dicular artery derived from the foraminal branches
of the paired lumbar arteries. Similarly drainage of
the nerve roots occurs by proximal and distal radicu-
lar veins, draining towards both the conus and veins
within the neural exit foramina (Bogduk 2012).
The primary innervation of canal structures is
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via sinuvertebral nerves that branch from the ventral
rami and re-enter the canal through the interverteb-
ral foramina (Bogduk 2012). These form an ascend-
ing branch, that innervates the posterior longitudinal
ligament (PLL) and disc at the level above, and a des-
cending branch, that supplies the disc at the level of
the foramen. A plexus of nerves surrounds the an-
terior aspect of the dural sac and also provides auto-
nomic innervation of the various canal vessels. The
disc themselves have been shown to contain a variety
of free and complex nerve endings in the outer third
of the annulus (S. Roberts et al. 1995), providing both
proprioceptive and nociceptive supply. Similarly, the
facet joints receive nerve fibres from branches of the
dorsal rami that run across the superficial aspect of
the lamina. The facet joint capsule is richly innerv-
ated with nociceptive, proprioceptive and autonomic
fibres (Kalichman et al. 2007).
1.3.3 The size of the normal adult canal
The following section presents the available in-
formation regarding the size of the normal adult
lumbar spinal canal. Measurements relevant to cross-
sectional imaging are discussed (figures 1.4 and 1.5)
with tabulation of normal values where available.
Evidence from both CT and MRI studies is included,
as while direct comparisons of quantitative measures
of canal size between CT and MRI tend to show stat-
istically significant disagreements, the absolute dif-
ference in measurements between imaging modalit-
ies tends to be small (Eun et al. 2012), and the avail-
able evidence for MRI alone is limited. Only studies
of populations confirmed to be asymptomatic are in-
cluded.
The presented normal values differ from study to
study, likely in part due to differences in their study
populations, however, it is also important to note that
there is considerable variability in terms of the ex-
act methodology used for producing each measure-
ment. Differences in measurement technique extend
from the orientation of the images used for the meas-
urement through to the name used to describe the
measurement. While effort has been taken to tab-
ulate some of the likely causes of variability in the
presented normal values, this is unlikely to be com-
plete and hence caution is required in the tables in-
terpretation.
The tabulated evidence on normal values is com-
piled from the following sources:
• The list of evidence on normal canal size provided
by Wilmink (2010c).
• The list of papers relating to developmental sten-
osis provided by J. P.-Y. Cheung et al. (2014b).
• The systematic review of quantitative measure-
ments used in LSS by Steurer et al. (2011).
• Additional citations based upon the bibliographies
of the included papers and any relevant evidence
found while writing this thesis.
The names used for the various measurements
in the following descriptions are adopted as conven-
tions for the rest of this thesis.
Measurements of the bony canal
Measurements of the size of the vertebral foramina,
which define the bony borders of the canal, were
particularly popular in the early literature relating
to LSS. This is most likely secondary to the limited
ability of the techniques of the time to demonstrate
soft tissue structures. In contrast, the bony aspects
of the canal could be easily measured both through
cadaveric studies (e.g. Amonoo-Kuofi 1985) and on
plain radiographs (e.g. Hinck et al. 1965a). Despite
the availability of newer imaging modalities that can
demonstrate soft tissue structures, measurements of
the bony canal continue to be commonly used in the
literature. They are useful for studies based on CT
imaging, a technique that has limited soft tissue res-
olution (Kreiner et al. 2013). Studies investigating
developmental LSS also tend to use bony measure-
ments of the canal under the assumption several of
these measurements change little with age and are
not affected by degenerative change, effectivelymak-
ing them signposts for the original size of the canal at
the completion of growth (Schizas et al. 2014). This
strength in the assessment of developmental stenosis
is also a significant weakness for assessment of de-
generative pathology that tends to affect the disc and
ligamentous structures. In the presence of degener-
ation these measurements may dramatically misrep-
resent the actual amount of remaining space available
for the canal contents (Schonstrom et al. 1985).
The antero-to-posterior canal diameter (APD) is
measured between the anterior aspect of the base of
the spinous process, in the midline where the lamina
join, and the posterior aspect of the vertebral body. It
was originally described as a measurement made on
lateral radiographs of the lumbar spine (Hinck et al.
1965b) but has been adapted for use in cross-sectional
imaging, using either midline sagittal images (fig-
ure 1.4measurement 10) or a transverse section taken
at the level of the pedicles (figure 1.4measurement 6).
Studies using sagittal images tend to either record the
shortest APDper spinal level or alternativelymeasure
consistently at the mid-vertebral body.
The measurement is of particular historic import-
ance, being the first measurement used to define
developmental LSS on radiographs (Verbiest 1976).
Consistent with its use as a marker for the devel-
opmental growth of the canal, R. W. Porter et al.
(1980) showed that mean canals only differed by 1
mmbetween a group of 15 to 21 year old and a second
group of 50 to 65 year olds. Similarly, H. M. Lee et al.
(1995) found no significant relationship between the
APD and age in a cadaveric study of adults.
The collected evidence on the normal values for
the APD is presented in tables A.1 and A.2. A vari-
ant of the APD, the oblique APD, has been used in
ultrasound (US) imaging of the spinal canal. US
is unable to measure the APD directly due to poor
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Figure 1.4: Measurements of the lumbar spinal canal. Panels A-D: cross-sections at planes indicated on panel E. Panel F:mid-
sagittal section. Measurements: 1 – neural exit foramen diameter (NFD), 2 – dural-sac transverse diameter (DS-TD), 3 – dural-
sac antero-to-posterior diameter (DS-APD), 4 – sub-articular sagittal diameter of the canal (SSDC), 5 – inter-pedicular canal
diameter (IPD), 6 – antero-to-posterior canal diameter (APD), 7 – inter-facet canal diameter (IFD), 8 – lateral recess depth (LRD),
9 – dural-sac antero-to-posterior diameter (DS-APD), 10 – antero-to-posterior canal diameter (APD), 11 – neural exit foramen
height (NFH), 12 – neural exit foramen diameter (NFD).
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Figure 1.5: Additional measurements of the lumbar spinal canal. Panel H: cross-section at the disc level, demonstrating the
interligamentous canal diameter (ILD) (purple) and inter-facet canal diameter (IFD) (green hashed + purple). Panel I: cross-
section at the disc level showing the dural-sac cross-sectional area (DS-CSA) (purple hashed area). Panel J: cross-section at the
pedicular level showing the vertebral foramen cross-sectional area (VF-CSA) (purple hashed area).
transmission of ultrasound waves through the spin-
ous processes (R. W. Porter et al. 1978).
The inter-pedicular canal diameter (IPD) was ori-
ginally developed as a measurement on anterior-to-
posterior (AP) radiographs of the lumbar spine (Hinck
et al. 1966) and ismeasured as theminimumdistance
between the inner aspects of the pedicles at each ver-
tebral level. The measurement was adapted for use
on cross-sectional imagingwhere it is generallymeas-
ured on axial slices at the pedicular level, taking the
maximum transverse diameter between the pedicles
(figure 1.4measurement 5). Similarly to theAPD, it is
of importance in characterising developmental sten-
osis as it is relatively fixed after completion of growth
(H.M. Lee et al. 1995), but has generally been found to
be less commonly narrowed in developmental sten-
osis than the APD (Eisenstein 1977). The evidence
relating to normal values of the IPD is presented in
tables A.3 and A.4.
The inter-facet canal diameter (IFD) is measured
between the most medial aspects of the two facet
joints on transverse images, generally at the level of
the disc (e.g. Gouzien et al. 1990, figure 1.5 H), but
also can be measured at the infra-pedicular level (e.g.
Kornberg et al. 1985, figure 1.4 measurement 7). Un-
like the two previous measures of the bony canal,
this measurement seemsmuchmore likely to change
with facet joint degeneration and associated hyper-
trophy, particularly as degenerative osteophytes may
develop at the medial joint line (Kalichman et al.
2007). The evidence relating to normal values of the
IFD is presented in table A.5.
The vertebral foramen cross-sectional area (VF-CSA)
is measured on transverse images of the lumbar spine
taken at the pedicular level (figure 1.5 J). Unlike the
previously described measurements its use generally
requires computer software, which is used to draw a
region of interest with the same internal borders as
the vertebral foramen: the posterior vertebral body
cortex and inner aspects of the pedicles and lamina.
Themeasurements value is likely to be closely related
to the APD and IPD at the same level, whichmake up
the measured areas AP and transverse diameters re-
spectively. The available evidence for normal values
of the VF-CSA is presented in table A.6.
Measurements of the ligamentous canal
Only a single measurement of canal size incorporat-
ing soft tissue structures was identified—the inter-
ligamentous canal diameter (ILD). This measurement
is made between the inner aspects of the ligamentum
flavum on each side of the canal, directly medial to
the facet joint line (figure 1.5 H). The measurement
is made on transverse images at the disc level and is
very similar to the IFD, being shorter than the cor-
responding IFD by the combined thickness of the
ligamentum flavum overlying the facet joint lines.
Also similar to the IFD, the ILD is likely to become
smaller with accumulating degenerative change as
the facet joints and ligamentumflava undergo hyper-
trophy. Given this, it perhaps not surprising that in a
study of 50 individuals referred for suspected lumbar
nerve root compression by degenerative pathology,
the measured ILD was significantly smaller than in
a control group, while the APD and IPD showed no
significant difference between groups (Wilmink et al.
1988). The available evidence relating to normal val-
ues of the ILD is presented in table A.7.
Measurements of the dural-sac
Given the potential role of nerve root compression in
the pathophysiology of symptomatic LSS, it is per-
haps not surprising that measurements of the dural
sac are common in the literature. As the canal gets
smaller, the dural sac is expected to become smaller
as it undergoes compression, and measurements of
the dural sac provide a more direct assessment of the
space available for the cauda equina. The dural sac
can be visualised in vivo on various imagingmodalit-
ies, including: myelography (Amundsen et al. 1995),
plain CT (though with reduced confidence due to re-
latively poor soft tissue contrast (Schonstrom et al.
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1985)), CT myelography and MRI (Schnebel et al.
1989).
The dural-sac antero-to-posterior diameter
(DS-APD) andDS-TD aremeasurements of the dural-
sac at its greatest diameters in the AP and transverse
directions. The former may be measured on both
mid-sagittal (e.g. Chatha et al. 2011, figure 1.4 meas-
urement 9) and transverse images (figure 1.4 meas-
urement 3), while the latter ismeasured on transverse
images alone (figure 1.4 measurement 2). The avail-
able evidence for normal values of the DS-APD and
DS-TD are presented in tables A.8 and A.9 respect-
ively.
The dural-sac cross-sectional area (DS-CSA) is the
most commonly used quantitative measurement in
studies of LSS (Steurer et al. 2011), its popularity
likely reflecting its ability to reflect narrowing im-
posed from all sides, unlike the DS-APD or DS-TD,
which could potentially could remain normal if the
dural-sacwas compressed in the opposite plane to the
measurement. Similar to the VF-CSA it is generally
measured using computer software by drawing a re-
gion of interest contained by the dural-sac boundar-
ies on transverse images (figure 1.5 I), though an al-
ternative is to measure the DS-APD and DS-TD and
calculate the DS-CSA, adjusting for its shape at the
site of measurement (Hamanishi et al. 1994), both
methods show comparable results.
One limitation of the DS-CSA is its dependence
on slice orientation, with a 10% change in slice ori-
entation resulting in a change in DS-CSA by a mean
of 5% (Henderson et al. 2012). This is more likely to
be a problem when axial images are taken as a single
block rather than as separate blocks angled to the
disc. Some papers have attempted to adjust for this,
by measuring the slice angle relative to the dural-
sac and adjusting the measured DS-CSA accordingly
(Hamanishi et al. 1994). This limitations is not likely
limited to the DS-CSA but likely affects all quantitat-
ive measurements of the canal in same orientation as
which the slice angle is being changed.
Measurements of the lateral recess
In a 2011 systematic review of quantitative measure-
ments of the lumbar canal, Steurer et al. (2011) iden-
tified three quantitative measurements of the size of
the lateral recess: the lateral recess height (LRH), lat-
eral recess depth (LRD) and lateral recess angle (LRA).
The LRH was first described by Ciric et al. (1980)
as the distance between the most anterior aspect of
the superior articular facet and the posterior border
of the spinal canal formed by the posterior vertebral
body cortex (figure 1.4 measurement 8). This meas-
urement was taken at the level of the pedicle, across
the bony portion of the lateral recess, and was de-
scribed on both radiographs and CT imaging.
The LRD was described one year later by Mikhael
et al. (1981) where it was described as a measurement
between the antero-medial aspect of the superior ar-
ticular facet anterior to the posterior vertebral body
cortex. It was again measured on CT at the level of
the pedicle.
Despite the description of the LRH and LRD as
separate measurements within Steurer’s systematic
review, the exact difference in measurement tech-
nique between the twomeasurements is unclear both
from the systematic review text or figures. Inspection
of the papers cited as defining themeasurements also
fails to distinguish the measurements. At the level
of the pedicle, the anteromedial portion of the super-
ior articular facet is also the most anterior aspect. In
fact, both Ciric and Mikhael were authors on both
the papers defining these measurements, do not at-
tempt to describe any difference between the meas-
urements, despite the differing measurement name
between papers, and hence seem to have considered
LRD and LRH to be synonyms. Other papers describ-
ing the bony LRD or LRH have also not made a clear
distinction between the measurements (e.g. Strojnik
2001; Dincer et al. 1991; Santiago et al. 2001; Aly et
al. 2013). For the remainder of this thesis the meas-
urement will be referred to as the LRD, as this is the
most commonly used term within the literature. The
available evidence on normal values of the LRD is
presented in table A.11.
An MRI variant of the LRD was described by
Chung et al. (2000) measuring the ligamentous
rather than bony lateral recess and described as the
SSDC. The measurement is made at the level of the
disc, from the most anterior aspect of the ligament-
ous/capsular coverings of the superior articular fa-
cet anterior to the posterior disc annulus in the sagit-
tal plane (figure 1.4 measurement 4). Due to chan-
ging morphology of the zygapophyseal joints with
spinal level and associated degeneration, the plane of
this measurement varies from lying immediately an-
terior to themostmedial aspect of the superior articu-
lar facet (and hence across the most medial aspect of
the lateral recess) to a position much more laterally
within the canal, effectively crossing the inferior as-
pect of the neural exit foramen. The available evid-
ence on normal values of the SSDC is presented in
table A.11.
The lateral recess angle (LRA) is defined as the
angle between lines running along the floor and roof
of the lateral recess (Dincer et al. 1991). No data on
normal values was available for the LRA.
Measurements of the neural exit foramen
The neural exit foramen diameter (NFD) is a measure-
ment taken in theAP direction between themost pos-
terior and most anterior aspect of the neural exit fo-
ramen. It can be measured on sagittal images (e.g.
Cramer et al. 2003, figure 1.4 measurement 12) or
on axial images (e.g. Santiago et al. 2001, figure 1.4
measurement 1). The available evidence for the nor-
mal value of the NFD is presented in table A.12.
The neural exit foramen height (NFH) is measured
from the most posterior to most superior aspects of
the neural exit foramen and is measured in the sagit-
tal plane (e.g. Cramer et al. 2003, figure 1.4 measure-
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ment 11). No data fitting the criteria set out in the
beginning of this section is available for its normal
values.
1.3.4 Variation in canal size with body size,
gender and ethnicity
The size of the spinal canal appears to be related
to an individuals height — taller individuals have
larger canals, predominantly in the coronal plane.
Gouzien et al. (1990), in a study of 34 young adult
males, found both the VF-CSA and IPD showedmod-
erate correlation with participant height but the APD
showed no such correlation. Similarly increasing
height is associated with a larger neural exit fora-
men, in terms of both its NFD and NFH (Cramer et
al. 2003). Not all studies have replicated these find-
ings, for instance Santiago et al. (2001) found no rela-
tionship between numerous measurements of canal
size and the participants weight or height. This lat-
ter study predominantly looked at individuals with
low back pain and hence the presence of degenerative
pathology may have obscured any underlying correl-
ation.
The available evidence for whether the normal
canal varies between men and women is unclear. In
children, both radiographic and MRI studies show
no significant differences in APD or IPD between
the genders within age groups (Hinck et al. 1966;
Hinck et al. 1965b; Knirsch et al. 2005). R. W.
Porter et al. (1978) using ultrasound found smaller
canals in young male minors aged 15 to 18 compared
to nurses of the same age, though the differing oc-
cupations between groups may indicate other con-
founding variables. In adults the evidence is more
mixed, with some studies finding a larger canal in
men (Schizas et al. 2014; Fang et al. 1994), some
finding no difference in size (Winston et al. 1984;
Greenough et al. 1992) and somefinding larger canals
in women (R. W. Porter et al. 1980). While the res-
ults in studies of childrenmaybe affected bydifferen-
tial rates of growth between the genders, this effect is
likely to be small given the early age at which thema-
jority of canal growth is complete (see §1.4.1). Studies
in older adults are likely to be confounded by differ-
ing rates of accumulating degenerative change—for
instance degenerative spondylolisthesis ismore com-
mon in women than men (Cowley 2016). Overall, it
seems likely that if significant differences in the canal
size between genders are truly present they are likely
to be small.
The evidence for variation in canal size between
individuals of different ethnicities is much clearer.
Amonoo-Kuofi (1985) found significantly larger
canals in Nigerian adults compared to individuals
from South African or America, as reported by Eisen-
stein (1977) andHinck et al. (1966) respectively. Sim-
ilar differences have been found by other authors, in-
cluding smaller canals in Indian skeletons compared
to Italian skeletons (Postacchini et al. 1983), and lar-
ger canals on CT scans of Caucasians compared to
Chinese individuals (Fang et al. 1994). It is import-
ant to note that while the presented differences are
statistically significant, the absolute difference in
means between the various studied populations re-
mains small, with substantial overlap in the total
distribution of measurements.
1.3.5 Variation in canal size during movement
While the bony portion of the canal remains fixed
in the mid to long term, the ligamentous portion of
the canal (the motion segment) can vary with move-
ment of the lumbar spine. In flexion and exten-
sion movements, the axis of rotation between ver-
tebrae lies in the posterior aspect of the interverteb-
ral disc (Wilmink 2010b). With increasing extension
thedorsal aspects of the end-plates come together and
the annulus bulges backwards into the canal. This
bulging does usually not exceed 1 to 2 mm (Penning
et al. 1981). The lamina and spinous processes also
come together and thismovement is relatively greater
than that of the end-plates due to their greater dis-
tance from the centre of rotation (Wilmink 2010b).
This movement causes the facet joints capsules and
ligamentum flavum to bulge into the posterior as-
pect of the canal, pushing the retrodural fat pad an-
teriorly and reducing the area available for the dural
sac. One study, consistent with the elastic nature
of the ligamentum flavum, found it varied in thick-
ness with different degrees of stretch (Schmid et al.
1999). At L4/5 in the neutral position the mean lig-
amentum flavum thickness was 2.3 mm, decreasing
to 1.8 mm in flexion and increasing to 4.3 mm in ex-
tension. This elastic nature may be important in pre-
venting extension induced buckling of the ligament
into the canal.
The overall effect of the changes above is to re-
duce the ligamentous spinal canal diameter during
extension. Penning et al. (1981) performed a study
of 40 lateral myelograms, comparing images taken in
both sitting flexed and extended positions. In exten-
sion, the dural sac anterior border became indented
by the bulging discs and the posterior border was dis-
placed by the anterior movement of the epidural fat
pad. A rise in CSF pressure appeared to be avoided
by bulging of the dural-sac into the anterior epidural
space, presumably by displacement of blood from the
valveless anterior venous plexus. In addition they
described longitudinal movements of the dural-sac
varying between 2 and 25 mm, at odds with the liga-
mentous attachments between dural-sac and the sur-
rounding canal described in the previous section.
Schmid et al. (1999) assessed changes in the
DS-CSA between flexion and extension using upright
MRI studies in asymptomatic volunteers with an av-
erage age of 28 years. Consistent with the findings
by Penning et al. they found an average decrease in
DS-CSA of 16.4% between sitting flexion and exten-
ded positions at the L4/5 disc. This was insufficient
to threaten compression of the nerve roots — even at
maximal extensionnoneof thepatientshadaDS-CSA
of less than 150 mm2. As expected, at the level of the
13
Chapter 1
pedicles the canal dural sac was invariant with posi-
tion, aswas the height of the bony lateral recesses. No
significant change in DS-CSA was seen moving from
a sitting to standing position.
The effect of gravitation loading on the dimen-
sions of the canal is less clear cut. B. Danielson et
al. (2001) performed MRIs in 43 asymptomatic indi-
viduals in the “psoas-relaxed” position — this posi-
tion has the patient in the supine position with the
knees bent, and is the standard position for supine
MRI, designed to maximise comfort and hence re-
duce movement artefact. After the standard MRI the
knee wedge was removed and an axial loading device
applied— this can simulate gravitation loading up to
around 50% of the patients weight while remaining
in the supine position to allow imaging in a stand-
ard MRI scanner. An average decrease in DS-CSA of
56% was seen on axial loading, falling to below 100
mm2 in 37% of participants. The greater degree of dy-
namic narrowing compared to thefindings of Schmid
et al may be explained by the older participant group
studied, whowould be expected to have a higher pro-
portion of degenerative disc disease. In contrast Hir-
asawa et al. (2007) compared standing to supine MRI
in 29 asymptomatic volunteers and found no signi-
ficant change in the DS-CSA at L3/4 and L4/5 on
standing, but an increase inDS-CSAof 23.8% at L5/S1.
They reproduced the flexion-extension related dural
sac changes found by Schmid et al. The differences in
findings between Danielson et al and Hirasawa et al
may reflect both population factors (Danielson stud-
ied an older more degeneration population) and the
supine position in the Danielson study which elim-
inates the rise in hydrostatic pressure exerted by the
CSF in a standing position. The rise in hydrostatic
pressure would tend to counter any dural sac narrow-
ing.
Posture based changes do not just affect the cent-
ral canal. The ligamentous lateral recess and neural
exit foramen both narrow with extension. The lat-
eral recess is narrowed by disc bulge anteriorly and
ligamentum flavum thickening posteriorly (Penning
et al. 1981). In asymptomatic volunteers movement
from an upright neutral to extended position causes
a reduction in 23.2% in average foraminal diameter
(Schmid et al. 1999) and a 15% reduction in cross-
sectional area (Inufusa et al. 1996), caused by the ped-
icles coming together and the disc bulging into the
lower aspect of the foramen. This was not, however,
sufficient to cause nerve compression in asympto-
matic volunteers (Schmid et al. 1999).
1.4 A dynamic structure…
The changes in the spine that occur with age; normal, pathological and somewhere in-between
1.4.1 Growth of the lumbar canal during child-
hood
The bony structures of the spinal canal begin to
undergo ossification around week 10 post-gestation
(Bogduk 2012). Primary ossification centres form in
the central vertebral body and each half of the neural
arch, the latter before the former. This process begins
in the thoracic levels before spreading into the cer-
vical and lumbar spine. Ursu et al. (1996) in a study
of 67 human fetal specimens found that both lumbar
and sacral canals grew at the same rate up to week
14 post gestation, followed by a period of differen-
tial growth that establishes the adult ratio of vertebral
body sizes. Muchof the spines growth is completed in
utero, with 70% of adult spinal canal size in the sagit-
tal plane being reached by birth.
At the time of birth the bulk of the central ver-
tebral body is ossified, with the upper and lower sur-
faces still covered by cartilage. Horizontal growth of
the vertebral bodies is achieved by periosteal ossific-
ation, while longitudinal growth occurs through pro-
liferation and subsequent ossification of the cartilage
plates making up the superior and inferior aspects of
the vertebral bodies (Bogduk 2012). Between 6 and 9
years of age the peripheral aspects of these plates be-
gin to ossify, forming the ring apophysis. These fuse
with the vertebra between 14 and 21 years of age, sig-
nalling the end to longitudinal growth.
The structures of the neural arch undergo a sim-
ilar sequence. At the time of birth the lamina, artic-
ular and transverse processes are ossified apart from
their distal tips. The ossified parts of the lamina fuse
within the first year of life and the spinous process
also becomes ossified during this time. The pedicles
are the last part of the arch to ossify, usually fusing
with the vertebral bodies and lamina by 6 years of
age. At puberty, secondary ossification centres begin
to appear in the tips of the spinous and transverse pro-
cesses. These secondary centres fuse completely by
about 25 years of age (Bogduk 2012).
Hinck et al. (1966), studying radiographs of chil-
dren taken in a secondary care setting, found small
progressive increase in both APD and IPD with age.
Themostmarked growthwas seen between age 3 and
10, with smaller relative increases up to the age of
18. The APD had a mean of 19 mm in the age 3 to
5 years group, increasing to a mean of 22 mm in the
17 to 18 year old group (Hinck et al. 1965b). Such ra-
diographic measurements, while of potential clinical
use, pose difficulties for understanding canal growth
due to changingmagnification of the structures with
increasing body size and associatedmovement of the
canal relative to the radiographic plate.
Archaeological studies have generally shown the
bony spinal canal rapidly reaches its adult size in
early childhood, consistentwith the ages atwhich the
ossified parts of the neural arch fuse. R. W. Porter et
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al. (1987) found 87% of the adult IPD was reached by
4 years of age, with the APD reaching adult levels be-
fore this. Papp et al. (1994), expanding on these find-
ings, found the upper lumbar canal cross-sectional
area reached adult sizes by 1 year of age, whereas at L4
and L5 development was much slower, reaching ma-
turity by 4 and 6 years of age respectively. Consistent
with the findings by Porter, the growth in canal cross-
sectional area was associated with increases in both
APD and IPD, however, after conclusion of the period
in which the canal cross-sectional area increases, the
APD becomes fixed while the IPD continues to show
slow growth. These processes again proceed faster in
the upper lumbar spine. During this later period, in-
creases in the canal cross-sectional area are avoided,
despite the increasing IPD, by a progressive change
in the shape of the canal. More recent evidence par-
tially challenges the above, with MRI based studies
suggesting the APD may continue to increase up to
the age of 14 years, albeit at a slow rate (Knirsch et al.
2005).
The triangular or trefoil configurationof the lower
lumbar canal appears to develop during adolescence.
The canal is almost uniformly circular at the L4 and
L5 level in newborns (Atilla et al. 1997), but over
the first two decades of life a triangular configur-
ation develops, caused by the differential changes
in canal size in the sagittal and coronal planes de-
scribed above. An archaeological study of 185 skelet-
ons found a true trefoil configuration of the canalwas
not present in any skeleton until the age of 16 butwas
present in approximately 25% of adult skeletons at
L5 with fairly consistent prevalence among all adult
age groups (Papp et al. 1995). No clear association
between the presence of a trefoil canal and the pres-
ence of degenerative changes was found and these
findings are consistent with a trefoil canal being a de-
velopmental rather than congenital phenomenon.
1.4.2 Developmental lumbar spinal stenosis
As noted in §1.1, the term developmental lumbar
stenosiswas coinedbyVerbiest (1976) todescribe fail-
ure of a normally formed canal to grow to normal
adult sizes. Thiswas contrastedwith congenital sten-
osis, where malformation of the spine is present and
associated with pathological canal narrowing, such
as that occasionally seen in spina bifida (Sarpyener
1947). Developmental stenosis was thought to de-
velop during childhood, only to become sympto-
matic in adulthood in a similar way to cervical ribs
or the Arnold-Chiari malformation.
In his original case series of developmental LSS
patients, Verbiest found the IPD on radiographs to
be normal, and hence concluded that the narrowing
must be in the AP plane. He performed an intra-
operativemeasurement of theAPDon a single patient
and found it corresponded to the lower limit of previ-
ously published normal values (Verbiest 1954). After
going on to perform “a fair number of measurements”
on cadaveric skeletons and contrasting these meas-
urements to a larger series of his patients, Verbiest
defined the diagnostic thresholds listed below. The
exact methodology by which these thresholds were
reached is however unclear from the paper (Verbiest
1976).
• APD< 10 mm— absolute stenosis
• APD< 12 mm— relative stenosis
Verbiest believed that absolute stenosis was suf-
ficient to cause symptoms alone, and hence always
a surgical indication. Relative stenosis, he thought,
implied a high risk of developing symptoms in the fu-
ture.
Narrowing in the AP direction without changes
to the IPD implies shortening of the pedicles in the
presence of a otherwise normally sized vertebra. Con-
sistent with this, Singh et al. (2005) compared 15 pa-
tients diagnosed with developmental LSS with 15 age
matched controls and found shorter APD measure-
ments in thedevelopmental stenosis groupwere asso-
ciated with smaller pedicle lengths, but no reduction
in size of the vertebral body. Similarly, J. P.-Y. Cheung
et al. (2014b) compared 100 patients requiring sur-
gery for developmental LSS with a control group, and
again found significantly smallerAPDmeasurements
in the stenosis group with no difference in IPDmeas-
urements or vertebral body size. Both these studies
suffer from selection bias— patients within the sten-
osis groupshadbeen chosen inpart on the presence of
anatomical changes their surgeons thought consist-
ent with stenosis.
Other authors disagree that developmental sten-
osis is only manifested by changes in the APD —
C. K. Lee et al. (1978) classified 3 types of stenosis:
the “sagittal flattening” described by Verbiest, a con-
centric narrowing of the canal with short APD and
IPD measurements, and developmental stenosis sec-
ondary to abnormal articular processes; either abnor-
mally large or medial to their normal position. Evid-
ence for the existence of this second groupwas found
by Kitab et al. (2014), who in a study of 66 patients
with symptomatic LSS presenting before the age of
50, found both themeanAPDand IPDmeasurements
were significantly smaller than a control group. This
form of stenosis however appears rare; narrowing of
the APD is twice as common in population studies as
narrowing of the IPD (Eisenstein 1977).
Verbiest did not believe that degenerative LSS
existed: he had never observed direct compression
of the canal contents by osteophytosis during sur-
gery, thought facet joint enlargement a purely de-
velopmental phenomenon, and did not believe the
ligamentum flavum could compress the canal con-
tents in any circumstance (Verbiest 1976). In a re-
view published in 1976, he specifically cites Van
Gelderen (1948), who provided the first description
of neurogenic claudication in a patient with liga-
mentum flavum thickening, in order to dismiss this
as a possibility. It has, however, become apparent
with the use of modern imaging modalities that de-
generative narrowing of the canal is by far more of-
ten the primary pathology. A study of participants
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of the Framingham Cohort study showed measure-
ments consistent with Verbiest’s relative stenosis in
only 4.7% of the population and absolute stenosis in
2.6%. In contrast, acquired degenerative stenosis was
present in 22.5% (Kalichman et al. 2009). Further-
more, even in patients with measurements consist-
ent with developmental LSS, the site of maximal nar-
rowing generally does not occur at the site of max-
imal bony narrowing, but at the disc level. As has
already been stated, measurements of the bony canal
often poorly reflect the underlying true narrowing of
the canal causedby thedegenerate ligaments anddisc
(Bolender et al. 1985). Verbiest’s failure to realise
this may reflect his dependence in his studies upon
operative findings and dissection; both techniques
will often remove the posterior ligamentous struc-
tures to access the canal before measurements can be
performed.
Narrower bony canals have been shown to in-
crease the risk of disc herniations becoming symp-
tomatic (R. Porter et al. 1978) and the risk for devel-
oping non-specific low back pain (Kalichman et al.
2009). It seems likely that developmental stenosis is
not truly a separate condition to degenerative sten-
osis, outside perhaps a small percentage of individu-
als presentingwell before onset of degeneration, but a
risk factor for development of symptomatic degener-
ative LSS. Developmental narrowing reduces the de-
gree of degenerative change required to compress the
canal contents. In this narrative, developmental sten-
osis patients present at earlier ages to those with pure
degenerative stenosis as they become symptomatic
with degrees of degenerative change that would not
trouble other individuals, rather than through dir-
ect compression of the canal contents by the devel-
opmental narrowing.
Considered as a risk factor rather than a disease
in itself, radiological thresholds for diagnosing ana-
tomical degenerative stenosis will always be to some
extent arbitrary, as the risk for compression with fu-
ture degenerative change will exist on a spectrum
defined by the degree of developmental narrowing.
Diagnostic thresholds may however have some clin-
ical utility in allowing clinicians to judge the relat-
ive contribution of developmental changes to the any
anatomical stenosis in a given patient. Numerous
such thresholds, in addition to Verbiest’s definitions,
have been proposed in the literature and are listed
in table 1.1. There are a number of significant lim-
itations to the evidence presented. Many of the in-
cluded studies use the lowest measurement or low-
est 2.5th percentile within the group classified as nor-
mal as their diagnostic threshold. While this conven-
tion for defining normal is common in the medical
literature there is no guarantee that the risk of de-
veloping symptomatic LSS is closely associated with
this threshold. Other papers use comparison ofmeas-
urements in a case and control group to select the
threshold best separating the groups, but all such
included papers either implicitly or explicitly define
their case and control populations based upon the ap-
pearance of the canal on imaging, building a signific-
ant selection bias into the results.
The causes for developmental narrowing of the
lumbar canal are not completely understood. There
is evidence that symptomatic LSS has a strong ge-
netic component (Battié et al. 2014), though the de-
gree to which this represent a genetic predisposition
to degeneration rather than a smaller bony canal is
not known. Other hypotheses have included a role
for childhood malnutrition or periods of significant
physiological stress. Archaeological evidence from
Native American populations undergoing a trans-
ition from a hunter-gather to an early agricultural
lifestyle (associated with a relatively poor protein
intake) found significantly smaller canals in those
who grew up in the latter time period, and this ef-
fect persisted after controlling for age, gender and
other cultural factors (Clark et al. 1985). The canals
differed in mean APD, but showed no difference
in IPD measurements. Similar archaeological stud-
ies have shown a relationship between dental mani-
festations of physiological stress and smaller bony
canals—dental hypoplasia correlated with small IPD
measurements and Harris lines correlated with small
APDmeasurements (R.W. Porter et al. 1987). Narrow-
ing of the APD is also more common in canals show-
ing a trefoil morphology at L5 (Papp et al. 1995).
A role for an environmental insult during child-
hood may in part explain the preponderance of sten-
osis at the L4/5 and L5/S1 levels; alongside the nat-
ural hour-glass shape of the canal and propensity of
degenerative change to affect the lower lumbar levels
(discussed in the next section). As described in §1.4.1
maturation is slower at lower lumbar levels, with L4
and L5 only reaching mature sizes by the fourth or
fifth years of life. This longer period of growth may
increase the vulnerability of these levels to stenosis
by expanding thewindowof opportunity for an envir-
onmental insult to occur and growth to be retarded.
While developmental stenosis as defined by Ver-
biest is rare, there is evidence that developmental nar-
rowing of the canal as awhole is becomingmore com-
mon. In a paper titled “Secular changes of spinal canal
dimensions in Western Switzerland: a narrowing epi-
demic”, Schizas et al. (2014), in a study of CTs in 264
patients undertaken for abdominal pathology, found
VF-CSA measurements significantly smaller in indi-
viduals borne between 1970 and 1979 compared to
those borne between 1940 to 1949. This was con-
trary to what was expected, given the steady increase
in population heightwith time in theWest, and raises
the possibility that symptomatic spinal stenosis as a
whole may becomemore prevalent as younger gener-
ations age.
1.4.3 Segmental degeneration
The lumbar spine and its canal does not become ana-
tomically static with completion of growth, but with
age begins to accumulate changes presumed to be de-
generative in nature. These changes can affect almost
all parts of the lumbar spine and begin to be present
just after adolescence in some individuals (Jensen et
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Table 1.1: A table of proposed thresholds for developmental lumbar spinal stenosis (DLSS) developed from J. P.-Y. Cheung
et al. 2014a
Citation Population Modality Threshold (mm or mm2) Method
Verbiest 116 Patients XR APD: Method unclear, lower
1979 Cadaveric controls Absolute stenosis< 10 limit of normal compared
Relative stenosis< 12 to operative findings
Cheung 100 DLSS undergoing surgery MRI APD: ROC Analysis
2014 100 asymptomatic controls L4 and L5< 14 Prioritised sensitivity
Age 15–86, all Chinese S1< 12
Eisenstein 443 Cadavers, South African Cadaveric APD< 13 Unclear
1977 2166 complete vertebrae XR XR: APD< 15
Chatha 100 Patients with suspected MRI DS-APD: 2.5% centile cutoff
2011 metastasis L1< 9.3









Lee 90 Cadavers, Korean Cadaveric APD< 11.8 2.5% centile cutoff
1995 Age: 19–70 years XR: APD< 14
Singh 15 DLSS undergoing surgery XR Pedicle-Vertebra ratio: Case-control study
2005 15 Asymptomatic Controls MRI XR< 0.43 Manual cut-off selection
Age: 41–65 years, USA MR< 0.36
MR Pedical length< 6.5
MR Pedicular CSA< 213
Ullrich 60 abdominal CTs CT Pedicular Axial images: Lowest limit
1980 Age: 18–74 APD< 11.5 of included patients
IPD< 16
CSA< 145
al. 1994); degeneration is often not associated with
symptoms, casting doubt on a purely pathological ae-
tiology and role. As the structures of the canal degen-
erate they tend to narrow the spinal canal, eventually
causing degenerative anatomical lumbar spinal sten-
osis in a subset of individuals. The following sections
describe these degenerative processes and the avail-
able evidence on how such changes are induced and
propagate with age.
Intervertebral disc degeneration
The overall population of cells in the adult interver-
tebral disc is sparse and evidence from animal mod-
els suggests that as individual age a processes of pro-
gressive cell senescence and death occurs, depleting
this population even further (Zhao et al. 2007). Cell
type alterations also occur, with reductions in the
number of proteoglycan producing cells derived from
the fetal notochord and their replacement by chon-
drocytes (F. Wang et al. 2016). These changes are
associated with increased inflammatory responses
and enhanced catabolic metabolism (Clarençon et al.
2016), and overall result in a progressive reduction in
proteoglycan content with age — down from 65% of
the pulposus dryweight in young adults to about 30%
dry weight at 60 years of age (Zhao et al. 2007).
Proteoglycans are responsible for retaining water
within the disc, and consequently their loss results in
the disc becoming dehydrated, observable as a pro-
gressive loss of signal on T2 weighted MRI studies
(Pfirrmann et al. 2001). This compromises the force
transmitting and spreading role of the pulposus, res-
ulting in asymmetric loading of the end plates and
direct load bearing by the annulus (Niosi et al. 2004).
At later stages of degeneration the disc begins to loose
height and the annulus bulges outwards, encroach-
ing on the canal contents (Pfirrmann et al. 2001). The
lax annulus may also allow abnormal translation of
the vertebral bodies relative to each other, increas-
ing mechanical loading on the facet joints and con-
sequently altering spinal stability (Izzo et al. 2013b).
While, as described above, the degenerate disc
may diffusely bulge beyond the limits of the verteb-
ral bodies, more focal disc herniationsmay also occur,
diagnostically separated from disc bulges by their in-
volvement of less than 25% of the disc circumference
(Fardon et al. 2014). Herniations are most commonly
seen at the L4–5 and L5-S1 levels (approximately 90%
of herniations) and may be superimposed upon more
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diffuse disc bulges (Wilmink 2010c).
The term herniation is generally avoided in ra-
diology reports in preference for sub-division of the
pathology into either: protrusions, where the herni-
ation has a broad based connection with the disc;
extrusions, where the connection to the disc is nar-
rower than the maximum extent of the herniation;
and sequestrations, where the herniated disc mater-
ial is no longer connected to the disc (Fardon et al.
2014). In protrusions the herniation remains fully
covered by the annulus. In contrast, extrusions and
sequestrations are thought to represent pulposusma-
terial that has been expressed beyond the confines
of the annulus. These lesions therefore require a fis-
sure in the annulus through which the pulposus can
migrate, and such fissures may be demonstrated dir-
ectly by discography, a now largely superseded ima-
ging techniquewhere a radiographic contrast agent is
injected directly into the disc (Schellhas et al. 1996).
Fissures can also be demonstrated as high intensity
zones on T2 weighted MRI imaging and such find-
ings are highly predictive of progressive degeneration
at the same motion segment, leading some to sug-
gest that formation of such fissures, perhaps through
minor trauma, may be the initiating event in a cas-
cade of degenerative processes (Sharma et al. 2011).
Once pulposus material has extended through a fis-
sure and escaped the annulus it is not completely free
to move but is usually constrained by the boundaries
of the anterior epidural space (Schellinger et al. 1990).
Consequently they do not usually cross the midline
due to the midline septum extending from the pos-
terior longitudinal ligaments.
Disk herniations, while often considered to be
a finding indicating pathology, can be present but
asymptomatic in up to 76% of older individuals (Boos
et al. 1995). There are several mechanisms which
may underlie their variable association with symp-
tom generation. One determining factor may be the
ability of adjacent nerve roots to avoid compression
(Wilmink 2010c), and indeed herniations with ap-
parent nerve root compression on imaging have a
much closer associationwith radicular pain than her-
niations alone (Boos et al. 1995). Nerve roots are con-
strained in their movement primarily by their attach-
ment at the conus, the dorsal root ganglion andby the
axilla and body of the nerve root sleeve. Nerve roots
that have longer sleeves, i.e. those in the lower lumbar
spine (Wilmink 2010c), may hence be more vulner-
able. Similarly degeneration of adjacent structures or
congenital narrowing of the canal at the site of the
disc herniation may constrain the available space for
the nerve root to escape compression. R. Porter et al.
(1978) noticed that patients with symptomatic disc
herniations tended to have smaller osseous canals
with 68% of his symptomatic sample having canal
APDbelow the 10th percentile of normal subjects. He
also found a inverse relationship between the sever-
ity of symptoms and response to treatmentwith canal
size. Similarly Kornberg et al. (1985) found that
patients with symptomatic disc herniations severe
enough to require surgery had significantly smaller
bony canals than those who could be managed con-
servatively. A further feature which may be import-
ant in herniation related symptom generation is the
type of herniation. The nucleus pulposus appears
to have strong pro-inflammatory properties. McCar-
ron et al. (1987) injected pulposus material into the
epidural space of dogs and observed an intense sub-
sequent inflammatory reaction involving the dural
andnerve roots followed 14 to 21 days later byfibrotic
scarring. Herniated pulposus material has proved
to contain high levels of phospholipase A2, an en-
zyme known to be involved in inflammatory medi-
ator production (Piperno et al. 1997). This inflam-
matory process may be responsible for the spontan-
eous resorption of herniated disc material that has
been repeatedly reported—histological examination
of sequestered discs has shown neovascularization
and macrophage infiltration, suggesting an absorp-
tion process (Ito et al. 1996). The pro-inflammatory
nature of the pulposusmay underline the stronger as-
sociation of disc extrusion the back pain compared
to protrusions (where the annulus remains intact)
— in a young asymptomatic cohort disc protrusions
were seen in 27% of individuals but extrusions in 1%,
whereas, in thosewithbackpain extrusionswere seen
in 27% (Jensen et al. 1994).
In over half of cases, disc degeneration is associ-
ated with degenerative change in the vertebral end
plates and associated marrow changes in the un-
derlying vertebral body (de Roos et al. 1987). The
end plates become thinned, forming fissures, frac-
tures and clefts (Niosi et al. 2004) and eventually
the defects may allow pulposus material to herniate
through the endplate and into the adjacent verteb-
ral body to form a Schmorl’s node. The latter appear
to be present with much higher frequency in patients
with symptomatic LSS, and have been hypothesised
to enhance the rate of degeneration presumably by re-
ducing the volume of available pulposus material to
distribute loads within the disc (Abbas et al. 2017).
The marrow changes underlying the degenerate
end plate have been suggested to progress through
a three stage process (oedema, fatty change and fi-
nally sclerosis) and are similar to those seen adjacent
to other cartilaginous joints (Modic et al. 1988). The
first of these stages (Type I Modic change — bone
marrow oedema) has become somewhat controver-
sial after suggestions that, unlike other grades ofmar-
row change, it is directly associated with low back
pain (Brinjikji et al. 2015a) and may be associated
with low grade bacterial infection (Urquhart et al.
2015). An randomised controlled trial (RCT) found
antibiotic treatment in the presence of Modic type
1 efficacious for improvement of the back pain and
associated disability (Albert et al. 2013) but a more
recent follow up RCT failed to replicate the benefit
(Bråten et al. 2019). This has sparked a split between
“believers” and “unbelievers” (Jensen, Ole K 2019)
over the use of antibiotics in back pain.
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Zygapophyseal joint and ligamentumflavumdegeneration
The zygapophyseal joints are particularly vulnerabil-
ity to degeneration due to their high level of mobility
and large forces they must transmit (Clarençon et al.
2016). The degree of force transmitted through the
joints appears correlated with disc degeneration— as
the discs load bearing function is compromised the
the facet joinsmay come to bear up to 70% of the axial
load (Adams et al. 1983; Niosi et al. 2004). While disc
degeneration may be seen without appreciable zyga-
pophyseal joint degeneration, the converse was not
observed in a consecutive series of 183 patients with
LBP studied by Fujiwara et al. (1999), suggesting disc
degeneration precedes, and potentially causes, zyga-
pophyseal joint degeneration.
Zygapophyseal degeneration begins with forma-
tion of focal erosions at the margins of the joint car-
tilage, particularly at points of potential overload,
such as the superior pole of the superior articular fa-
cet where the inferior facet causes maximal pressure
during flexion (Kalichman et al. 2007). The focal
erosions eventually coalesce into a diffuse loss of car-
tilage, leading to loss of joint space. Osteophytes be-
gin to develop, preferentially at the anteromedial as-
pect of the joint, and associated hypertrophy of the
facet joint is often the most predominant imaging
feature (Grenier et al. 1987). This hypertrophy may
however be an adaptive feature, hypothesised to help
stabilise the joint (and associated motion segment)
preventing unwanted translation movements of the
vertebral bodies which may become possible due to
disc pulposus loss and the associated slack disc an-
nulus (Serhan et al. 2007). Rarely degenerate zyga-
pophyseal joints may form synovial cysts which can
cause compression of the canal contents (Doyle et al.
2004).
Alongside disc degeneration, other risk factors for
zygapophyseal joint degeneration include advanced
age, more caudal vertebral levels (presumably due
to the increased loading and frequency of disc de-
generation) and facet joint orientation (Kalichman et
al. 2007). Jentzsch et al. (2013) found that a facet
angle of greater than 32◦ to the coronal in the upper
spine appeared to be independently associated with
degeneration, but this study could not determine if
the more coronal orientation was not in fact induced
through remodeling of the joint surfaces by osteo-
phytosis. Other studies have suggested the apparent
orientation of the articular facets changes with age (J.
Wang et al. 2009) suggesting this may be indeed be
the case.
Associated with degeneration of the zygapo-
physeal joints, the ligamentum flavum may also un-
dergo hypertrophy, and contribute to canal narrow-
ing (Karavelioglu et al. 2016), though this role was
initially controversial, with many believing that the
apparent thickening of the ligament on imaging rep-
resented mere bucking of the ligament secondary to
loss of disc height (Grenier et al. 1987). In a case series
of 45 patients operated on for degenerate lumbar
spinal stenosis, Yoshida et al. (1992) found that the
thickening of the ligamentum flavum observed on
pre-operative CT imaging in these patients was as-
sociated with clear histological changes: the normal
elastin fibres had become irregular in arrangement
and few in number, with associated fibroblast pro-
liferation and a general increase in type II collagen
fibres. These changes were most pronounced adja-
cent to the facet joint andwere not present in samples
from a younger control group who had been oper-
ated on for symptomatic acute disc herniation. Sim-
ilar changes were seen by Schrader et al. (1999) who
also found the changes were commonly associated
with calcification of the ligament, and could be cor-
related to the patients age. Loss of elastic function
of the ligamentum flavum and replacement by col-
lagen fibres, may promote buckling of the stiffened
ligament flavum into the canal during extension,
rather than the normal elastic compression under
load (Grenier et al. 1987).
Instability and Spondylolisthesis
A consensus definition of spinal instability is lack-
ing (Muto et al. 2016b): Pope et al. (1985) defines in-
stability as a loss of stiffness leading to abnormal and
increased movements in the motion segments, while
Izzo et al. (2013a) defines instability as the loss of the
spine’s ability under physiological loads to maintain
its morphology such that no neurological deficit, de-
formity or incapacitating pain develops. Instability
is frequently linked to other spinal conditions (Muto
et al. 2016b). An initial pathological stimulus leads
to pain and a protective muscular response, but one
that leads to adoption of an abnormal posture, this
changes the stresses placed on the various parts of the
motion segment and promotes degeneration. Degen-
eration leads to further instability through pain, as-
sociated muscular responses, and direct alteration of
the normal stabilising structures discussed in the pre-
vious section (Izzo et al. 2013b). This positive feed-
back cycle potentially allows degeneration to propag-
ate betweenmotion segments, but may eventually be
balanced by a phase of re-stabilisation caused by fa-
cet joint hypertrophy, fibrosis of joint capsules, and
radial expansive remodelling of the vertebral bodies
(Izzo et al. 2013b).
Spondylolisthesis is defined as an anterior slip-
ping of one vertebral body on the next vertebral body
below it (Clarençon et al. 2016). Spondylolisthesis
comes in two forms, degenerative and isthmic, the
former being distinguished by the presence of an in-
tact neural arch, and the latter (otherwise known as
spondylolysis) being caused by defects in the pars in-
terarticularis (Macnab 1950). The abnormal transla-
tion of vertebral bodies seen in spondylolisthesis im-
plies the presence of instability.
Degenerative spondylolisthesis is most com-
monly seen at L4/5, affects around 4 to 14% of the
population, and is more common in women (Cow-
ley 2016). In a study of CTs in 118 patients over the
age of 55 years Love et al. (1999) found that the zyga-
pophyseal joints were more sagittal in orientation in
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patients with spondylolisthesis compared to a con-
trol group, and this change in angulation appeared
to be related to degenerate remodelling. Similar find-
ings relating to articular facet angle were found by
N. H. Kim et al. (1995) and Chaput et al. (2007) found
that the presence of an increased fluid space between
articular facets visualised in the recumbent MRI
was highly predictive of a previously unseen spon-
dylolisthesis at that level on standing radiographs. It
therefore seems likely that a sagittal facet orientation
secondary to degenerative remodeling, in combina-
tion with the erosion of the facet articular surfaces,
facilitates translation of the vertebral bodies relative
to each other (Beresford et al. 2010). The tendency of
the lumbar vertebra to slip anteriorly is likely created
by the lumbar lordosis and anterior tilt of the superior
aspect of the sacrum (Bogduk 2012).
Increasing degenerative spondylolisthesis is
correlated with general reduction in spinal canal
volumes and its presence exaggerates the effect of
postural changes including those caused by stand-
ing posture (Miao et al. 2013). The effect of spon-
dylolisthesis is likely to be particularly important for
the lateral recess, where the superior articular pro-
cess translates forward and may catch the transiting
nerve root between itself and the disc/vertebral body,
and the neural exit foramen, which straddles the site
of translation andhence becomes increasingly distor-
ted as anterior slip occurs (Wilmink 2010c). In a large
cross-sectional study of 938 participants Ishimoto et
al. (2017) found that degenerative spondylolisthesis
was significantly related to clinical LSS but not to
nonspecific low-back pain.
Isthmic spondylolisthesis is caused by breaks in
the pars interarticularis which disconnect the ver-
tebral body from the neural arch and zygapophyseal
joints and hence allow independent translation of the
vertebral body unconstrained by the zygapophyseal
joints (Clarençon et al. 2016). The aetiology be-
hind the defects is not fully understood, with postu-
lated mechanisms including failure of duplicate lat-
eral mass ossification centres to fuse, fracture dur-
ing birth or early childhood or stress fracture in later
life (Wiltse 1962). Of note, the degree of vertebral
translation may be much greater than in degenerat-
ive spondylolisthesis, though the central canal tends
to be spared significant associated narrowing as the
lamina do not translated forward (Wilmink 2010c).
1.4.4 Degenerative anatomical LSS
The discussion in the previous sections have implied
a sequence of degeneration that occurs over time as
individuals age — a process that can be referred to
as progressive segmental degeneration (Kalff et al.
2013). The proposed sequence is as follows: disc de-
generation occurs first, leading to loss of segmental
height. The altered biomechanics then promote arth-
ritis of the zygapophyseal jointswhich loose cartilage
undergo changes in orientation through remodelling.
These changes together promote spondylolisthesis
and/or associated instability that promotes further
degeneration and may cause it to propagate to ad-
jacent levels (Bagley et al. 2019). Overtime, hyper-
trophy of the facet joints and fibrosis of ligaments
may stabilise the canal, halting progression of degen-
eration at the newly stabilised segments (Izzo et al.
2013b). The fact that relatively advanced degenera-
tion is often observed at one intervertebral levelwhile
adjacent levels may be relatively preserved argues for
some precipitating event that is specific to a partic-
ular disc (K. M. C. Cheung et al. 2009). Longitud-
inal imaging studies of the spine have identified an-
nular fissures as significant predictors of further disc
degeneration (Sharma et al. 2011), suggesting minor
traumawith associated tear formationmaybe thepre-
cipitating event.
Degenerative anatomical LSS occurs as an end
consequence of progressive segmental degeneration,
with the cumulative degenerative change described
above contributing to reducing the size of the liga-
mentous portion of the lumbar canal at the affected
levels (Wilmink 2010c). As the canal reduces in size,
the available space for the canals contents reduces,
CSF is effaced from the dural-sac, and both nerve
roots (Schizas et al. 2010) and vascular structures
(Manaka et al. 2003) become threatened with com-
pression.
Asdiscussed in§ 1.3.5, the size of the canal even in
normal individuals is dependent on posture and grav-
itational loading, with the canal tending to reduce in
diameter on lumbar extension and upright position-
ing. Penning et al. (1987) in a study of 12 patients
with NC, performed supine CT myelography using
foam wedges placed on the scanner table to place the
participants such that their lumbar spines assumed
flexed or extended positions. They found marked
facet hypertrophy led to narrowing of the lateral re-
cesses in all the symptomatic patients and, on mov-
ing from lumbar flexion to extension, the lateral re-
cesses became completely effacedwith loss of anyvis-
ible extradural fat around the transiting nerve roots.
Similarly, Ozawa et al. (2012) used an axial loading
devices during an MRI study to simulate the stand-
ing posture in patients with symptomatic LSS. They
found that applying the axial load caused significant
reductions in measured lumbar DS-CSAs, and this
wasmore pronounced in those patientswith degener-
ative lumbar spondylosis. Similar findings have been
confirmed by other studies (Y. K. Kim et al. 2013), in-
cluding one which found the reduction in DS-CSA
on axial loading was related to the degree of disc de-
generation, with more severe degeneration being as-
sociated with greater DS-CSA reductions except at at
the most severe grade of disc degeneration (where
the disc was completely collapsed) (Ahn et al. 2009).
This latter finding may represent re-stabilisation and
the fact that no further segmental height loss through
disc compression was possible.
The postural compression of nerve roots through
the mechanisms described above are generally
thought to lay behind generation of NC symptoms




Before moving on, it is important to note that
not all canal narrowing is necessarily pathological —
many of the changes above are almost uniformly ex-
hibited by the older population (some degree of de-
generative changes of the lumbar spine are present
in nearly 100% of those over 60 — K. M. C. Ch-
eung et al. (2009)). In fact, a systematic review pub-
lished by Brinjikji et al. (2015b) of studies report-
ing MRI findings in completely asymptomatic indi-
viduals found disc degeneration rose from a preval-
ence of 37% in those 20 years of age to 96% at 80
years of age, alongside progressive facet joint arth-
rosis and development of spondylolisthesis in 23% by
the age of 60. The fact that such changes are seen
even in asymptomatic individuals strongly suggests
they may be part of the normal biology of ageing
and not necessarily pathological. In fact even severe
degrees of anatomical spinal stenosis, which should
presumably be associated with nerve root compres-
sion, can be seen in asymptomatic individuals, as can
disc extrusions, even when substantially indenting
the dural-sac (Boden et al. 1990). Such findings pose
significant problems for the definition of anatomical
lumbar spinal stenosis by preventing a clear bound-
ary betweennormal and abnormal patients. Attempt-
ing to address this problem is central to the aims of
this thesis.
1.5 A working definition
The consensus definition of degenerative symptomatic lumbar spinal stenosis, its clinical prevalence, management, and difficulties
with defining anatomical degenerative LSS on imaging.
1.5.1 The NASS consensus definition of LSS
The North American Spinal Society has produced a
consensus definition of symptomatic spinal stenosis
which has two major requirements: anatomical nar-
rowing of the lumbar spinal canal combined with
a clinical syndrome of radiating buttock and/or leg
pain and/or fatigue that is provoked by upright ex-
percise and relieved by adoption of a posture where
the lumbar spine is flexed (i.e. neurogenic claudica-
tion). Both the anatomical changes and neurogenic
claudication must be present for the diagnosis to be
made (Kreiner et al. 2013).
In order to decide if the canal of a patient present-
ing with NC is narrowed, the guidelines suggest the
use of clinical imaging and “well-defined, articulated
and validated criteria” but gives no information on
what these criteria should be or how they should be
validated (Kreiner et al. 2013).
While these guidelines are helpful in providing a
relatively clear definition of the clinical features ex-
pected in the condition, the vague statements about
anatomical narrowing limit their clinical utility and
are largely due to a lack of an evidence based imaging
definition of anatomical LSS. The various proposed
definitions of degenerate anatomical stenosis used in
the literature are discussed in § 1.5.4.
It should be noted that even the NASS definition
of LSS associated symptoms are not universally ac-
ceptedwithin the literature, withmarked variation in
the clinical findings held to be secondary to observed
anatomical LSS, as shall be discussed further in § 2.1.
1.5.2 Clinical features of symptomatic LSS
The hallmark symptom of symptomatic LSS, neuro-
genic claudication (NC), has been described above.
Almost all symptomatic LSS patients have a de-
gree of non-specific back pain (Katz 2008). Adding
radiating pain from the back into the buttocks or leg
has has a sensitivity of 88% but only a specificity of
34% for significant lumbar canal narrowing (Katz et
al. 1995). Additional features which add specificity
for a final clinical diagnosis of symptomatic LSS in-
clude: bilateral symptoms, leg painbeingmore severe
than the back pain, pain being relieved by adoption of
a stooped posture when walking and by sitting, and
reports of associated urinary disturbance. An older
age at presentation also adds specificity (de Schepper
et al. 2013).
DifferentiatingNC fromvascular claudication can
be difficult but is generally achieved through its asso-
ciation with patient positioning (Katz 2008). While
vascular claudication will be exacerbated by any ex-
ercise, patients with NC typically find exercise where
the lumbar spine is flexed much easier, for instance
walking up a hill or a flight of stairs may be rel-
atively well tolerated, while descending a flight of
stairs (which extends the lumbar spine) may become
impossible with severe symptoms to the extent that
some NC patients may adapt by walking down back-
wards. In contrast, the converse would be expec-
ted in claudication of vascular origin. Similarly, NC
patients may find cycling does not provoke symp-
toms even at similar levels of exertion to what pro-
vokes their symptoms when walking. Both vascular
claudication and neurogenic claudication symptoms
are relieved by rest, but only in neurogenic claudica-
tion does sitting or lying substantially aid recovery
(Cowley 2016).
Neurological examination at rest is often not re-
vealing (Katz 2008). The Romberg test may be pos-
itive, and patients may show numbness in the peri-
neal region and numbness and/or loss of propriocep-
tion in the feet. The patient may demonstrate a wide
based gait and absent Achilles reflex (de Schepper et
al. 2013). Motor and sensory findings are typically
mild and weakness is uncommon (Katz et al. 1995).
Limitation of walking ability due to neurogenic
claudication is a key cause of disability in patients
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with symptomatic LSS (Fanuele et al. 2000) and in-
dividuals with LSS are known to have greater lim-
itation in day to day walking performance when
compared to those with non-specific low back pain
(Tomkins-Lane et al. 2012). Patients subjective as-
sessment of any improvement in their walking capa-
city is strongly correlated with post-treatment satis-
faction (Yamashita et al. 2003).
It should be noted thatmany of the studies assess-
ing the diagnostic accuracy of various symptoms and
signs, included in the systematic review by de Schep-
per et al. (2013) and summarised above, use the final
clinical diagnosis as their reference standard (where
they have defined symptomatic LSS at all). This ref-
erence standard is therefore in part made based on
the same clinical presentation assessed. It is therefore
difficult to assess whether the symptoms reported to
be associated with the diagnosis of symptomatic LSS
by such studies are truly associated with the specific
underlying pathophysiology, or simply reflections of
the what the medical community have categorised as
being part of the disease. This problem will be a re-
current theme in subsequent sections.
Related conditions of the cauda equina
For contrast, it is worth also considering two further
conditions that are attributed to cauda equina com-
pression.
Radiculopathy (often referred to as sciatica in
the earlier literature) refers to pain associated with a
single nerve root (Wilmink 2010d). This pain also ra-
diates from the back into the lower leg and is typic-
ally described as sharp, burning and/or cramping in
nature. It can be associated with an unpleasant dys-
esthesia, typically unilateral, and is frequently asso-
ciated with paraesthesia, sensory loss or motor weak-
ness in the distribution of the affected nerve root.
Physical examination can provoke the pain through
applying tension to the involved nerve root (through
the straight leg raise). While the pathological distinc-
tions between radiculopathy and symptomatic LSS
are blurred, radiculopathy has a much closer link in
the literature with individual nerve root compression
by disc herniations. McCulloch (1977), for instance,
defined symptomatic disc lesions as involving neur-
ological symptoms restricted to that expected for a
single nerve alongside evidence of disc protrusion.
In contrast, cauda equina syndrome is thought to
be related to rapid onset generalised compression of a
large segment of the cauda equina, typically by a large
disc extrusion occluding the spinal canal. It is char-
acterised by pain, loss of sphincter function, sexual
dysfunction and saddle anaesthesia, and is generally
treated as a surgical emergency requiring decompres-
sion (A. Gardner et al. 2011). In a similar way to that
seen for symptomatic LSS, there is considerable vari-
ability as to how it is defined in the literature (Fraser
et al. 2009).
It seems likely that canal pathology can result in
multiple overlapping clinical syndromes and there
are not clearly defined ties between one form of
pathology and one particular syndrome (Wilmink
2010d).
1.5.3 Prevalence and natural history
The incidence of anatomical/symptomatic LSS is de-
pendent on the definition used and unsurprisingly
varies widely (Cowley 2016).
The Framingham study investigated the preval-
ence of anatomical LSS, using the AP canal dimen-
sions defined by Verbiest to define stenosis (relative
stenosis: APD < 12 mm, absolute stenosis < 10 mm).
On CTs they measured on bone windows at the mid-
vertebral body level to assess for developmental sten-
osis, finding a prevalence of 4.7% and 2.6% for relative
and absolute stenosis respectively. They then meas-
ured on soft tissue windows at the disc level to as-
sess for degenerative stenosis, finding a prevalence of
22.5% and 7.3% respectively. Degenerative stenosis in-
creased in frequencywith age, beingmost commonly
present in the over 60s group. Developmental sten-
osis had no relationship with age, as expected.
A Japanese population cohort study of 1099 sub-
jects, with a mean age of 66 years, investigated the
prevalence of symptomatic lumbar spinal stenosis
using the NASS definition (Ishimoto et al. 2012).
All participants had MRIs and anatomical LSS was
graded on a four point system: none, mild, moderate
and severe (without further definition). The preval-
ence of anatomical LSS was much higher than that of
symptomatic LSS:moderate to severe central narrow-
ingwas seen in 76.5% of participants while the preval-
ence of symptomatic LSSwas only 9.3%. Again, a rela-
tionshipwith agewas noted, with prevalence roughly
reaching a plateau above 60 years of age.
There is an absence of reliable evidence relating
to the natural history of LSS. Kreiner et al. (2013) in
the NASS guidelines suggests that in those withmild
to moderate symptoms the prognosis is favourable in
one third to a half of patients (Minamide et al. 2013)
but there was no evidence to define the natural his-
tory in those with severe symptoms. The guidelines
also state that rapid neurological decline is rare.
Patients are on averagewithin theirmid-60s at the
timeof initial presentation, oftenhavehad symptoms
for many months before presentation and typically
have multiple other comorbidities, most commonly
joint disorders, hypertension andheart disease (Cum-
mins et al. 2006). Various environmental risk factors
for disc degeneration have been suggested, includ-
ing: smoking, obesity, diabetes mellitus, hyperten-
sion and physical activities such as driving and lift-
ing weights (Cowley 2016), but in the same large Ja-
panese study as that described above, only diabetes
(alongside aging) was found to be a significant envir-
onmental risk factor (Teraguchi et al. 2017). There
does appears to be a significant genetic component
to developing significant degenerative change, with
a large classical twin study estimating a heritability
for anatomical LSS of 66.9% (Battié et al. 2014).
In the United States of America (USA) by the
90s symptomatic LSS had become the most common
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reason for spinal surgery in the over 65s (Ciol et al.
1996), and by 2007 greater than 37,000 operations
were been performed annually on medicare patients,
with a total cost of $1.65 billion per annum (Bagley et
al. 2019). In theUnited KingdomofGreat Britain and
Northern Ireland (UK), all forms of back pain cost the
UK economyup to $12 billion per annum (Bibby et al.
2001).
1.5.4 Diagnostic testing in low back disorders
In order to make the diagnosis of symptomatic LSS
in a patient with the correct clinical presentation it
is necessary to confirm the presence of anatomical
LSS. For this, clinical imaging is required, and such
imaging can also help target surgical intervention
and rule out dangerous differential diagnosis such as
metastatic disease (Andreisek et al. 2011). It is im-
portant to realise that the presence of significant sten-
osis in asymptomatic individuals precludes the dia-
gnosis of symptomatic spinal stenosis purely on ana-
tomical grounds (§ 1.4.4), at least using simplemeas-
urements of the canal.
A systematic review by de Schepper et al. (2013)
found MRI to be the most sensitive and specific test
for the anatomical changes of spinal stenosiswith the
included studies usually using intra-operative find-
ings as the reference standard to which the imaging
findings were compared. The included papers found
sensitivities ranging between 60% and 100% and spe-
cificities ranging between 43% and 99%, with the
large ranges likely explained by the significant het-
erogeneity in methodology. MRI is recommended by
the NASS as the first line investigation in suspected
spinal stenosis (Kreiner et al. 2013), with more invas-
ive CT myelography (CT after intra-thecal injection
of a contrast adjacent to opacify the CSF within the
dural-sac) considered the second line, to be used in
those with contraindications to MRI imaging.
Other imaging modalities have largely been su-
perseded by the above techniques (Wilmink 2010a),
though plain radiographs retain a role in assess-
ment of spinal curvature and alignment when stand-
ing, and similarly traditionalmyelography allows dy-
namic assessment of the dural-sac with varying pa-
tient positioning in a way not easily achievable with
standard CT or MRI. As discussed in previous sec-
tions of the introduction, the use of axial loaded and
standing cross-sectional imaging is now becoming
more common, (e.g. Splendiani et al. 2014), but re-
mains largely unavailable in the National Health Ser-
vice (NHS) and is considered only a potentially useful
adjunct to standard imaging by the NASS guidelines
(Kreiner et al. 2013).
Despite the importance of the anatomical changes
in the diagnosis of spinal stenosis, there is a little
agreement on both on how these change should be
measured and what level of change contributes sten-
osis. A systematic review of papers reporting radi-
ological criteria to define LSS, found a large num-
ber of separate quantitative measurements used to
define stenosis, with multiple different thresholds
beingused formostmeasurement (Steurer et al. 2011)
— see tables 1.2 and 1.3. Across all the included pa-
pers, the most common quantitative definitions of
stenosis were a DS-CSA of less than 100 mm2, and
LRD and NFD of less than 3mm.
The rational behind the choice of these thresholds
within the included papers was often unclear, but for
cross-sectional measurements of the dural-sac, ref-
erence is often made to attempts published in the
1980s to derive a threshold definition of central LSS
based upon a series of cadaveric studies. Schön-
ström et al. (1984) studied the effect on intradural
pressure caused by circumferential constriction of
freshly dissected lumbar dural-sacs. He found pres-
sure began to rise after constriction beyond a cross
sectional area of 76.9 mm2 at L2 falling to 64.8 mm2
by L4 as the volume of neural tissue in the canal re-
duces. These thresholds presumably represent the
cross-sectional areas at which all CSF has been ef-
faced from the dural-sac leaving on the neural and
vascular tissue. A similar followup study in 1988 sug-
gested the pressure increases occurred fairly consist-
ently around 75 mm2 across multiple different sub-
jects (Schönström et al. 1988). Schönström went on
to suggest a DS-CSA threshold of 75 mm2 represen-
ted “absolute stenosis”, and suggested a threshold
of 100mm2 as “relative stenosis”, after assessing the
minimumsize of the dural-sac onCT studies of 24 pa-
tients who had subsequently underwent surgery for
symptomatic LSS (Schonstrom et al. 1985).
There are however numerous weakness with
thresholds based on quantitative measurements in-
cluding a relative lack of information on what
should constitute normal, alongside if and how the
thresholds should account for spinal level, changes in
patient body size and demographics (Andreisek et al.
2011). There are also difficulties posed by the the ef-
fect of slice angulation (Henderson et al. 2012) and,
as will be explored in detail in Chapter 2, the clin-
ical validity of the quantitative measurements of the
canal and dural-sac is far from clear, with little rela-
tionship between the various measurements and the
presence of NC or symptom severity.
Perhaps because of these limitations and the large
number of proposed thresholds to choose from, it
should be no surprise that a Delphi survey of prac-
tising clinicians was unable to find a consensus on
a single quantitative threshold for defining anatom-
ical LSS (Mamisch et al. 2012). Instead, the clinicians
had a clear preference for qualitative parameters, with
the presence of causative degenerative change, ef-
facement of perineural fat within the neural exit fo-
ramina, absence of CSF around the cauda equina
and redundant nerve roots above the level of sten-
osis being cited as the most important factors in de-
ciding upon the presence of anatomical LSS. There
was however insufficient agreement to propose a con-
sensus definition based on these parameters and a
separate systematic review published byAndreisek et
al. (2013) found 14 qualitative or semi-quantitative




Table 1.2: Various quantitative thresholds for central spinal stenosis on cross-sectional imaging used within the literature.
Adapted from Steurer et al. (2011, table 1).
Measurement Imaging Modality Citation Threshold
APD MRI Fukusaki et al. 1998 < 15mm
Koc et al. 2009 < 12mm
CT Bolender et al. 1985 < 13mm
Haig et al. 2007 ≤ 11.95mm
B. C. Lee et al. 1978 < 15mm (Suggestive)
< 10mm (Diagnostic)
Jönsson et al. 1997 < 10mm
DS-CSA MRI Hamanishi et al. 1994 < 100mm2
Mariconda et al. 2002 < 130mm2
CT Bolender et al. 1985 100− 130mm2 (Early stenosis)
< 100mm2 (Present stenosis)
Schonstrom et al. 1985 < 100mm2
Schönström et al. 2001 100− 130mm2 (Moderate stenosis)
< 75mm2 (Severe stenosis)
Ullrich et al. 1980 < 140mm2
Stenosis Ratio MRI Laurencin et al. 1999 L3/L4: < 0.66
L4/L5: < 0.62
L5/S1: < 0.73




CT Wilmink et al. 1988 < 11mm
IFD MRI Koc et al. 2009 < 15mm
Ullrich et al. 1980 < 16mm
In an attempt to bring some order to both radi-
ology reports and subsequent research, Andreisek in
2014 published a set of core radiological criteria for
use in description of anatomical LSS (Andreisek et
al. 2014). These measurements and grading systems
were picked primarily based upon on reported intra-
and inter-observer reliability alongside perception of
their practicality of use, rather than on any criteria
of clinical validity, due to a lack of available high-
quality evidence. This list of grading systems was
used as a starting point when deciding what meas-
urements of stenosis should be explored within the
observation study presented in Chapters 3 – 8.
Core Reporting Criteria in Spinal Stenosis — Andre-
isek et al. (2014):
• Central Stenosis:
– Compromise of the central zone—“Lurie” grad-
ing (Lurie et al. 2008b)
– Relation between fluid and cauda equina —
“Schizas” Grading (Schizas et al. 2010)
• Lateral stenosis:
– Nerve root compression in the lateral recess —
“Bartynski” grading (Bartynski et al. 2003)
• Foraminal Stenosis:
– Foraminal nerve root impingement — “Pfir-
rmann” grading (Pfirrmann et al. 2004)
– Compromise of the foraminal zone — “Lurie”
Grading (Lurie et al. 2008a)
• Research Only —Quantitative measures:
– Cross-sectional area of the dural sac
– Lateral recess height
1.6 The pathophysiology of neurogenic claudication
An exploration of what may cause the key symptoms associated with symptomatic spinal stenosis
1.6.1 Postural compression alone does not ex-
plain neurogenic claudication
The larger part of the introduction above contains
a clear narrative around symptomatic lumbar spinal
stenosis. In this narrative, all individuals undergode-
generative change of the lumbar spine to some degree
as they age and this degeneration leads to progress-
ive narrowing of the spinal canal. Some individu-
als have a developmentally smaller lumbar canals
(§ 1.4.2) and some individuals have a predisposi-
tion, genetic and/or environmental, for degeneration
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Table 1.3: Various quantitative thresholds used for lateral recess and neural exit foramen stenosis within the literature. All
listed studies used CT imaging. Adapted from Steurer et al. (2011, table 2).
Measurement Citation Threshold
LRD Ciric et al. 1980 5mm (Normal)
< 3mm (Highly indicative)
< 2mm (Diagnostic)
Dincer et al. 1991 < 5mm
Mikhael et al. 1981 > 5mm (Normal)
3− 5mm (Suggestive)
≤ 3mm (Definitive)
Strojnik 2001 ≤ 3.6mm
LRA Strojnik 2001 < 30◦
NFD Beers et al. 1985 < 3mm
(§ 1.4.3). Such individuals eventually develop a crit-
ical level of canal narrowing, usually occurring in
their 60s or 70s, in which the cauda equina nerve
roots starts to be compressed in a posture dependent
manner. As the canal undergoes further narrowing
the more it will be functionally narrowed by addi-
tional extension or axial loading — the rule of pro-
gressive narrowing proposed by Penning (1992).
Takahashi et al. (1995), using an intra-thecal pres-
sure transducer placed by lumbar puncture, demon-
strated significantly higher CSF pressures during
walking in patients with spinal stenosis compared to
a control group. This raise in pressure reflects nerve
root compression, which leads to claudication symp-
toms, and associated nerve root dysfunction leads
to lower limb weakness and autonomic disturbances.
Surgical relief of the causative narrowing appears to
provide symptomatic relief, presumably by prevent-
ing further compression, at least in the short term
(Kalff et al. 2013).
This is the “textbook” explanation of neurogenic
claudication which has become a staple of the sec-
ondary literature (e.g. Katz 2008) and is closely re-
lated to the mechanisms proposed in the original pa-
pers published by Verbiest 1976. There are however
multiple points where this narrative breaks down.
As already noted, a significant proportion of parti-
cipants with significant degenerative spinal stenosis
are asymptomatic (Ishimoto et al. 2013). In addi-
tion, R. W. Porter (1996) pointed out that patients
with spinal stenosis symptoms are also likely to have
had anatomical stenosis for many years before their
presentation, given the slowly progressive nature of
segmental degeneration and severe central stenosis
can be seen in spinal tumours or large disc protru-
sions without claudication symptoms (R. W. Porter
1996). Nor is it apparent from this narrative why
one form of generalised cauda equina compression
should lead to cauda equina syndrome and another
to neurogenic claudication, syndromes with incom-
pletely overlapping characteristics.
The above argues that some additional patholo-
gical step is a necessity beyond simple canal stenosis
for the generation of claudication symptoms.
1.6.2 Potential mechanisms of radicular pain
To reduce complexity, it is perhaps beneficial to
step away from pathology affecting the whole cauda
equina, and instead consider the pathophysiology of
single nerve root compression in radiculopathy type
presentations.
Confirmed compression of individual nerve roots
by a localised disc protrusion or extrusion, while
strongly associated with distal leg pain, can result in
a wide range of degrees of pain and dysfunction that
donotwell correlatewith thedegree of observed com-
pression (Beattie et al. 2000). For instance, Garfin et
al. (1991) reported on four patients whose radiculo-
pathy type pain had been ascribed to to observable
nerve root compressionbydisc herniations butwhich
gradual resolved without demonstratable change in
the compressed nerve roots.
As was pointed out by Cavanaugh (1995), acute
compression of a peripheral nerve does not result in
pain, but rather loss of action potential conduction
and hence nerve function, as is apparent to anyone
who has awoken from sleep with a dead arm. Several
intra-operative stimulation experiments seem to con-
firm a requirement for a process of nerve root sens-
itisation before compressive pain generation is pos-
sible. Smyth et al. (1958) during an operation for ra-
dicular symptoms, passed nylon loops around anerve
root that had been compressed by a disc protrusion
and several adjacent uncompressed nerve roots. With
thepatient awake, tractionon thenylon loopattached
to the previously compressed nerve root led to severe
radicular pain, but traction on previously uncom-
pressed nerve roots did not result in the same degree
of symptoms. Greenbarg et al. (1988) found that ap-
plication of a local anaesthetic to the previously com-
pressed nerve root could abolish the induced pain.
Kuslich et al. (1991) found that both mechanical or
electrical intra-operative stimulation of a compressed
nerve root would replicate the patients symptoms,
while previously uncompressed nerve roots were in-
sensitive to such stimuli.
Pain in the presence of a normal nervous sys-
tem requires the stimulation of nociceptors. In con-
trast, direct stimulation of action potentials within
injured nerve root fibres is thought possible and to
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lie behind de-afferation type pains (Wilmink 2010d).
Both thesemechanisms of pain generationmay be in-
volvedwith the pain associatedwith sensitised nerve
roots, with the latter presumably generating the ra-
dicular pain experienced in the segmental area sup-
plied by the injured nerve root, and the former hy-
pothesised to contribute to “pseudo-radicular” pains
poorly corresponding to the associated nerve roots
supply (Wilmink 2010d). This leaves the question of
bywhat processes is a nerve root sensitised andwhy it
affects some compressed nerve roots and not others.
Chronic neuronal injury is known to result in his-
tological changes including microvascular changes,
inflammatory infiltration and oedema of the nerve
with associated demyelination of axons. This pro-
cess appears to manifest days to months after the ini-
tial injury (Rydevik et al. 1984). Compressed and
symptomatic nerve roots show prolonged contrast
enhancement on MRI imaging after administration
of gadolinium, arguing for a either for a breakdown
in the blood-nerve barrier or development of neo-
vascularity (Jinkins 1993). Similar features have been
demonstrated for the cauda equina at the site of com-
pression in spinal stenosis.(Kobayashi et al. 2015).
There is also a potential role for inflammation
generated by extruded nucleus pulposus material. As
already noted in § 1.4.3, herniated pulposus mater-
ial contains pro-inflammatory enzymes (Piperno et
al. 1997) andgenerate intense inflammatory reactions
when introduced into the extradural space during
in vivo animal studies (McCarron et al. 1987). The
same inflammatory mediators, when introduced dir-
ectly into the lumbar epidural space of rats induced
demyelination in exposed nerve roots, with an in-
creased propensity to ectopic discharge on compres-
sion (Chen et al. 1997). This does not however ap-
pear to to be the entire story, Omarker et al. (1998)
found the presence of herniatedmaterial fromapunc-
tured disc alonewas insufficient to induce significant
changes in thresholds for nerve root activation using
either compressive or thermal stimuli, but herniated
material with associated nerve root displacement did.
The above argues that generation of pain from
single nerve root compression within the lumbar
canal is likely to be a multi-factorial pathway with
contribution from direct compression, inflammatory
processes and histological changes in the nerve roots
secondary to chronic injury.
1.6.3 The multi-level compression hypothesis
R. W. Porter (1996) suggested a hypothesis for symp-
tom production in symptomatic LSS based upon two
level compression. He noted that the veins of the
nerve roots do not anastomose and generally drain
distally to the neural exit foramen or, if this is oc-
cluded, proximally to the conus. Hence a two level
compression would be required to cause venous con-
gestion and associated oedema, potentially explain-
ing why not everyone with apparent stenosis has
symptoms.
The capillaries andvenules of thenerve rootshave
been shown to be occluded by relatively low pres-
sures (approximately 30 to 40mmHg, Olmarker et al.
1989), well below the elevated pressures found in the
stenotic canal of patients with neurogenic claudica-
tion, where during extension pressures of 80 to 100
mmHg can be reached (Takahashi et al. 1995).
Porcine cauda equinamodels have shown a single
low-level compression causes little effect on func-
tion, but a two level compression at low pressures
causes significant impairment of nerve conduction
with failure of the normal arterial vasodilation in re-
sponse to repeated electrical stimulation (Olmarker
et al. 1992). Similarly, rat models have shown ven-
ous stasis can result in ectopic firing and nerve dys-
function (Ikawa et al. 2005) and examination of dog
cauda equina which had been exposed to either ar-
terial or venous occlusion at the level of the aorta or
IVC showed far greater evidence of blood-nerve bar-
rier breakdown in the case of venous occlusion com-
pared to arterial ischaemia (Kobayashi et al. 2008).
Direct observation of the vessels surrounding the
cauda equina by myeloscopy in patients during epis-
odes of neurogenic claudication while walking show
changes consistent with venous stagnation, and this
does not occur in control patients under the same
provocation (Ooi et al. 1990). During lumbar exten-
sion in non-stenotic individuals, CSF pressure rises
are thought to be avoided by displacement of blood
within the valveless and compressible anterior epi-
dural plexus (Penning et al. 1981). In individuals
with NC this plexus has been shown to be signific-
ant effaced compared to a control group, with multi-
level involvement showing a correlation with greater
symptoms (Manaka et al. 2003). It is possible multi-
level compression of this plexus reduces its ability to
drain under pressure, potentially reducing the ability
of the dural-sac to bulge during postural changes and
prompting CSF pressure rises.
If Porter’s hypothesis is correct, we would expect
to see greater incidence of NC symptoms in individu-
als with demonstrable multi-level compression and
potentially a correlation between number of stenotic
levels and symptoms— evidence around this subject
is collected in subsequent chapters.
1.6.4 Potential contributions to pain from
other structures
Other structures in the lumbar spine aside from the
nerve roots may also contribute to pain generation.
Both the disc annulus and facet joints are known to
be richly innervated (S. Roberts et al. 1995; Kalich-
man et al. 2007) Some of the same intra-operative
studies which explored sensitisation of nerve roots to
compressive stimuli cited in § 1.6.2 also found other
structures appeared sensitive to stimulation. Kuslich
et al. (1991) for instance found stimulation of the an-
nulus fibrosis reproduced a patient’s low back pain
in about two thirds of patients. As previously dis-
cussed,Modic I endplate change also appears to be re-
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lated to low back pain (Brinjikji et al. 2015a), and zy-
gapophyseal joint arthrosis is thought to account for
14% to 40% of low back pain directly, has been studied
by direct stimulation of the joints nerve supply, and
the pain associated with such structures may also ap-
pears “pseudo-radicular” innature, radiating into the
buttocks, groin and thighs and potentially mimick-
ing neurogenic claudication (Beresford et al. 2010).
From the discussion above, the pathogenesis of
the clinical features in symptomatic spinal stenosis
seems therefore likely to be multifactorial, with con-
tribution from multi-level compression and venous
congestion, direct compression effects with inflam-
matory sensitisation of the nerve roots and poten-
tially referred pain from other sources (Muto et al.
2016a).
1.7 An agenda
Summary so far, common methodological problems relating to the lack of a reference standard for LSS, and an initial set of research
questions…
1.7.1 Problems caused by the lack of an accep-
ted reference standard
In the previous section the argument was made
that some additional pathological step, beyond
compression alone, was required for generation of
the claudication symptoms, or alternatively that
claudication was generated in part through painful
degenerative change affecting other spinal structures
manifesting in a posturally dependentmanner. In the
most extreme form of this latter explanation, the ob-
served narrowing of the canal in patients with neuro-
genic claudication is simply a confounding variable,
coexistingwith the actual cause of the patients symp-
toms.
While it is clear the standard “textbook” explan-
ation of the pathophysiology of symptomatic LSS is
too simple, it is not clear from the literature which
or to what degree the potential alternative explana-
tions contribute to the symptom generation in symp-
tomatic LSS. These ambiguities also generate dif-
ficulties in creating a useful definition of anatom-
ical LSS — no simple definition of anatomical sten-
osis will capture all symptomatic patients or exclude
all non-symptomatic patients given the previously
discussed disconnect between anatomy and symp-
toms. This ambiguity then manifests in the literat-
ure by variability in definitions of anatomical sten-
osis between papers, lack of agreement by clinicians
onwhatmeasurements of the canal are relevant, and,
perhaps unsurprisingly, the failure of the consensus
NASS definition to provide any useful guidance as
to what degree of anatomical narrowing should be
considered pathological, as discussed in § 1.5.1 and
§ 1.5.4.
The attempt to find an evidence based definition
of degenerative anatomical stenosis within the liter-
ature has generally fallen into a set of approaches, all
of which are associated with significant issues.
Some attempt to derive an anatomical definition
from the presumedpathologicalmechanism—for in-
stance Schönström’s 1984 measurements of the the
cross-sectional area of the dural sac in cadavers. In
order to produce useful results, such methodologies
requires the underlying assumptions regarding the
presumed pathological mechanism to be correct, and
also the experimental measurement to be reliably
transferable from the in vivo measurement to meas-
urement with imaging.
Some use a degree of deviation from a “normal
population”. This approach is common in the pa-
pers investigating developmental stenosis, as seen in
§ 1.4.2, and often takes the form of declaring the bot-
tom or top 2.5% of a population for a given measure-
ment abnormal. Such thresholds are however ulti-
mately arbitrary and therefore do not necessarily cor-
respond to disease status, risk of developing disease
or have useful prognostic implications. There are also
significant difficulties in choosing an appropriate
“normal population” who are then measured to gen-
erate the threshold measurement defined as abnor-
mal. As already discussed, the canal even in asymp-
tomatic populations changes with age, gender and
ethnicity and hence any reference canal used should
require similar age, gender and ethnicity matching.
While a healthy asymptomatic population is perhaps
the most natural population to choose, this also can
cause problems as almost all individuals will experi-
ence episodes of low-back pain at some point in their
life (Wong et al. 2017), and individuals with long-
standing low back pain are known to have on average
smaller canals than those who report no recent epis-
ode of back pain (Hamanishi et al. 1994). As patients
withNCoften also have non specific low-back pain in
addition to the claudication symptoms there is a risk
that comparison to individualswithout any low-back
will exaggerate any difference in canal size measure-
ments between groups, exaggerating the sensitivity
and specificity of the measurement.
Some compare the performance of some imaging
based measurement in dividing diseased from non-
diseased individuals to the performance of a refer-
ence standard for the same (for instance the stud-
ies reviewed in de Schepper et al. 2013). In the case
of papers investigating symptomatic LSS, the refer-
ence used is often findings on surgical exploration.
While this methodology is well established and can
bemade rigorous, it ultimately assumes that the refer-
ence standard is providing useful information about
the disease status of the patient. In the case of
symptomatic LSS, the reference standards own evid-
ence base is often poor or absent (Andreisek et al.
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2011) and the justification for its categorisation of
patients is usually based on reasoning from the pur-
ported pathological mechanism of symptom genera-
tion — i.e. compression of the cauda equina. Show-
ing that MRI demonstrated severe anatomical sten-
osis has high sensitivity and specificity for finding
cauda equina nerve root compression on surgical ex-
ploration or myelography only demonstrates that the
MRI accurately depicts the anatomybut doesnot con-
firm that MRI accurately depicts disease status.
Some deal with the absence of a reliable refer-
ence standard by replacing it with a consensus dia-
gnosis. For instance, Haig et al. (2006b) created such
a consensus diagnosis using a decision by an expert
panel who considered clinical findings, imaging and
other diagnostic test results. The sensitivity and spe-
cificity of the tests of interest for dividing patients
into diseased and non-diseased groups as defined by
the consensus diagnosis was then found. This meth-
odology has advantages, particularly in the evalu-
ation of some less expensive or invasive investigation
that could potentially replace the investigations un-
dertaken in forming the consensus diagnosis. How-
ever, in the case of conditions where the consensus
diagnosis is partly based on the result of some dia-
gnostic test itself of uncertain validity, the consensus
diagnosis will necessarily reflect its results and any
underlying assumptions about the meaning of those
test results. For symptomatic LSS the consensus dia-
gnosis is usually based in part upon expert interpret-
ation of anatomical imaging of the lumbar spine, as
per the NASS definition of symptomatic LSS. Hence,
when investigating the agreement between somenew
imaging based sign or measurement and the con-
sensus diagnosis, it then becomes unclear whether
the results truly represent an associationwith the true
underlying disease status of the patient or simply re-
flects the preexisting anatomical requirements im-
posed by the imaging input in forming the consensus
diagnosis.
A pragmatic approach aiming to overcome these
difficulties may attempt to find a definition of ana-
tomical stenosis based on the inclusion criteria of
RCT or cohort studies. Such a definition, however
arbitrary chosen by the initial studies, would be po-
tentially be predictive of any treatment effect or pro-
gnosis established by the study in those individuals
meeting the other inclusion and exclusion criteria.
There is however no guarantee that a true causal as-
sociation exists between any anatomical definition of
stenosis used in any trial and a demonstrated treat-
ment effect unless an analysis comparing treatment
effect with varying anatomical definitions has been
performed while other variables were held constant.
In the case of symptomatic lumbar spinal stenosis
Steurer et al. (2011) didnotfind any consistent quant-
itative definition of LSS within inclusion criteria of
RCTs.
These difficulties are a recurrent themewithin the
literature, explain the lack of an accepted definition
of anatomical lumbar spinal stenosis, and inform the
research questions set out below.
1.7.2 Research questions
The overall goal of this thesis is to make progress to-
wards a better evidence based definition of anatom-
ical lumbar spinal stenosis, in the hope of aiding radi-
ologists and clinicians make better, more consistent
assessments of lumbar spine MRI imaging in suspec-
ted symptomatic lumbar spinal stenosis. To this aim,
the following questions are posed, with the hope that
answering them will advance this cause.
What is the best way to measure narrowing of the spinal
canal on MRI?
As was reviewed in § 1.3.3 and § 1.5.4, there are
numerous competing ways to measure the spinal
canal. In attempting to select betweenmeasurements
it is perhaps helpful to review some of the features
an ideal anatomical diagnostic measurement should
have. Note these features overlap andare interrelated.
Reliability: For obvious reasons, themeasurement
must have an acceptable inter- and intra-rater reliab-
ility. As part of this, the measurement should be res-
istant to changing imaging parameters, e.g slice an-
gulation.
Completeness: themeasurement should capture as
much anatomical information as possible about the
structure it attempts to measure. For instance, meas-
urement of the dural-sac in a single plane (e.g. the
APD) would not necessarily capture compression of
the dural-sac in the transverse plane, whereas meas-
urement of the cross-sectional area of the sac would.
Convenience: the measurement should be easy to
performquicklywith as few steps as possible required
by the measurement process. Clinicians have lim-
ited time and complex measurements requiring nu-
merous steps are unlikely to gain wide-spread usage
or, if used, to be used correctly, leading to problems
with reliability. Similarly it should be measurable on
standard imaging sequences/protocols to prevent the
need for increased scanner time per patient, which is
also a relatively scarce resource even in nations with
developed health care systems.
Well defined normal range: the measurement
should have a normal range that is clearly defined, at
least on the side of the distribution on which patho-
logy is thought to occur, with a good understanding
of how the normal rage changes with demographic
variables. The definition of normal must also be
defined in a manner relevant to the condition the
measurement is designed to detect, rather than a
simply based on the general population or based on
those who are generally asymptomatic without fur-
ther consideration.
Diagnostic utility: the measurement should either
clearly separate diseased individuals from non-
diseased controls or provide enough discriminating
power to combineusefullywith other diagnostic tests
to perform this function.
Prognostic implications: the greater the association
of themeasurementwith the prognosis of the patient,




From our review of the literature so far, no meas-
urement clearly excels in the requirements listed
above. Andreisek’s consensus core reporting items
were selected pragmatically based upon their reliabil-
ity of measurement and coverage of various anatom-
ical factors potentially related to the pathophysiology
of neurogenic claudication (Andreisek et al. 2014).
There is a clear preference both in the consensus cri-
teria andDelphi survey results of practising clinicians
for qualitative scoring systems (Mamisch et al. 2012),
however this seems to represent an understandable
bias towards scoring systems designed around the
presumed pathophysiology of the condition — most
included systems attempt to directly measure nerve
root compression — and the clear problems with in-
terpretation of quantitative measurements. Qualit-
ative systems suffer from more problems with sub-
jectivity than quantitative measurements and will
fail if the underlying assumptions implicit in their
design are not relevant.
Further evaluation of the performance of the
available imaging basedmeasurements of the lumbar
spinal canal, both quantitative and qualitative, with
relevance to the properties listed above is therefore
warranted.
Is there a relationship between the spinal canal size onMRI
and severity of clinical presentation in symptomatic LSS
and, if so, what measurement best represents this associ-
ation?
Given the putative pathophysiology in symptomatic
LSS, a relationship between canal size and severity of
clinical symptoms would be expected. More severe
canal narrowing should result in a reduction of the
degree of dynamic posturally dependent narrowing
required to induce cauda equina compression, pre-
sumably causing symptoms to occur earlier during
upright exercise. More severe narrowing would also
be expected to reduce the effectiveness of any mitig-
ation strategy the patient may adopt to alleviate the
symptoms—e.g. by adoption of amoreflexed lumbar
posture. Measurements therefore with a demon-
strable close association with clinical severity would
presumably bemeasuring anatomical changes linked
to the generation of symptoms and hence would be
potentially be important in any definition of lumbar
spinal stenosis.
A strong relationship between a given anatom-
ical measurement and severity of clinical presenta-
tion is also potentially clinically useful even if that
measurement is not suitable for use in a definition of
anatomical stenosis. Older patients often have mul-
tiple comorbidities and a given clinical presentation
may reflect contributing pathology frommultiple dif-
ferent condition. For instance an older patient with
diabetes could present with a mixture of symptoms
from spinal stenosis, polyneuropathy and vascular
claudication. Ameasurement of the spinal canalwith
a close relationship with severity of clinical presenta-
tion would allow judgement of howmuch a complex
patient’s symptoms are likely due to the spinal canal
narrowing rather than any other pathology andhence
facilitate decisions regarding spinal intervention in
such patients.
What radiological features are associated with neurogenic
claudication?
Given the lack of an accepted diagnostic reference
standard, problems with implicit bias when trying
to derive a definition of anatomical LSS by compar-
ing symptomatic LSS patients to a control group,
and reasonable doubts around the pathophysiology
through which symptoms are generated in sympto-
matic LSS, a new approach to finding an evidence
based definition of anatomical LSS is required.
One potential way forward is to start again from
first principles, directly comparing imaging in pa-
tients with and without neurogenic claudication
without specifying any anatomical inclusion or ex-
clusion criteria in the case or control group defin-
itions and hence avoiding any bias introduced by
expectations of what the canal in symptomatic LSS
should look like.
This approach has the potential to find anatom-
ical features or a combination of anatomical features
consistently associated with the key clinical feature
of symptomatic LSS.
While the utility of such a measurement may not
be immediately apparent— after all you don’t need a
test to tell you whether a patient has claudication or
not, you can just ask them— such an anatomical fea-
ture would act as a useful starting point for forming
a definition of anatomical stenosis and would poten-







As the first step in addressing the research ques-
tions posed in § 1.7.2, a scoping review of observa-
tional studies in symptomatic lumbar spinal stenosis
was conducted, aiming to identify and include stud-
ies investigating the relationship betweenMRI based
measurements of the lumbar spinal canal with the
clinical status of the patient. Scoping reviews are a
form of rapid literature review, designed to be per-
formed before embarking upon a full systematic re-
view, in order to allow the review question, search
strategy and planned methodology to be refined.
In addition, conducting a scoping review at the
beginning of the PhD process also offered an oppor-
tunity to systematically build and assess a library
of immediately relevant research. From each cita-
tion, data on methodology (including case and con-
trol group definitions, MRI measurements and clin-
ical scoring systems used) and results relevant to the
link between MRI findings and severity of clinical
presentation and prognosis was extracted.
The full scoping reviewmethodology is presented
in Appendix B.1.1 and a summary of the results of the
search strategy is presented in figure 2.1. Thirty-six
citations were included in the final review.
2.1.1 Defining the case and control popula-
tions within the literature
The clinical definition of lumbar spinal stenosis
within the included papers was variable (see fig-
ure 2.3). Only one paper directly referred to the
NASS definition (Ishimoto et al. 2013). Neurogenic
claudication was a required part of the diagnosis in
only 33% of papers and was one of several qualifying
features in a further 25% of papers. Many papers failed
to give a clinical definition of symptomatic LSS as
part of their inclusion criteria. In total, 78% of papers
required radiological stenosis in their inclusion cri-
teria for symptomatic participants, either implicitly
or explicitly, however, most did not give a specific
threshold for inclusion.
A variety of different sources for symptomatic LSS
participant recruitment were used (see table 2.1). Par-
ticipants were most commonly recruited from pa-
tients undergoing an intervention in a secondary care
setting. Of the papers including a control group,
themost common sourceswere asymptomatic volun-
teers and those with non-specific low back pain (see
figure 2.2). Twenty-two different clinical scoring sys-
tems for severity of patient symptoms, disability and
quality of life were used of which the Oswestry dis-
ability index (ODI) was the most common followed
by visual analogue scale (VAS) based assessment of
regional pain (see table 2.2).
2.1.2 The clinical relevance of canal measure-
ments
Measurements of the dural-sac
The extracted results of studies relating to quantitat-
ivemeasurement of the dural-sac are presented inAp-
pendix B, tables B.2, B.3 and B.4.
The DS-CSAwas themost commonly used quant-
itative measurement of the dural-sac. The DS-CSA
was smaller on average in symptomatic stenosis pa-
tients compared to controls, both at the site of max-
imal stenosis (Y. U. Kim et al. 2015; Schizas et al.
2010), and on average at each lumbar level (Hama-
nishi et al. 1994).
Cross-sectional type studies largely failed to
demonstrate a relationship between DS-CSA and
symptom severity. There was some evidence for
a relationship with walking capacity — two papers
found a positive correlation between a patients smal-
lest DS-CSA and walking capacity (Barz et al. 2008;
Kanno et al. 2012), but several other studies did not
reproduce these findings (Moon et al. 2005; Kuit-
tinen et al. 2014c; Sigmundsson et al. 2011; Zeifang et
al. 2008). A single study demonstrated a positive cor-
relation with the Japanese Orthopaedic Association
score (Kanno et al. 2012), but despite repeated invest-
igation, no significant correlation between DS-CSA
and pain scores, the Oswestry disability index, or
other measures of disability or quality of life at
baseline was found. It was also unclear if there was
any relationship between theDS-CSAandduration of
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Figure 2.1: PRISMA diagram of scoping search strategy results
Table 2.1: Stratification of included papers by participant source
Participant Source Frequency % of Total Papers
Participants undergoing surgical 12 33
decompression
Participants attending a spinal 8 22
clinic
Participants undergoing epidural 4 11
steroid injection/adhesionolysis
Participants recruited from a cohort 3 8
undergoing MR lumbar spine
Population cohort 1 3
Undefined 8 22
symptoms, as would be expected if anatomical sten-
osis is progressive with age, with one paper finding a
negative correlation (Kannoet al. 2012), andonefind-
ing no relationship (Sirvanci et al. 2008).
Schizas et al. (2010) found a small DS-CSA was
predictive of failure of conservative treatment, but
did not find an associated correlation with the de-
gree of improvement post surgery, the latter point
also confirmedbyKuittinen et al. (2014c) and in post-
epidural adhesiolysis by Park C. H. Park et al. (2011).
In contrast, Sigmundsson et al. (2011) found some
evidence for patients with smaller DS-CSA showing
improved outcomes in back and leg pain post opera-
tion.
No relation between the dural-sac AP diameter
with clinical findings or prognosis was identified
(table B.2 and B.4).
No clear relationship between any of the qualit-
ative grading systems measuring dural sac compres-
sion and baseline symptoms was demonstrated — a
single paper showed more severe grades were asso-
ciated with higher maximum walking distances and
lower pain (Kuittinen et al. 2014c), reversing the lim-
ited trend seen in quantitative studies. In contrast, in
prognostic studies, there was a trend for more severe
stenosis to be related to better post-operative out-
come (Kuittinen et al. 2014b; Moojen et al. 2018).
Two qualitative indirect measures of dural-sac
compression were assessed in the included papers:
The sedimentation sign (failure of the nerve roots to
sediment to the dorsal aspect of the dural-sac above
the level of the stenosis, table B.6) was found to be
relatively sensitive and specific for the presence of
symptomatic stenosis (Barz et al. 2008; Macedo et
al. 2013b). However these papers separated symp-
tomatic and control patients based on both clinical
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Figure 2.2: Map of the definition of the control group within the included papers inclusion criteria
symptoms and radiological differences, significantly
limiting the interpretation of these findings. The
presence of the sedimentation signwas linked to poor
outcomes in those managed non-operatively (Barz
et al. 2014), with increased surgical treatment effect
(Barz et al. 2014; Moses et al. 2015). The redund-
ant nerve root sign (the presence of elongation of the
nerve roots above the level of the stenosis), showed
similar clinical associations (Min et al. 2008; Moojen
et al. 2018) (table B.7).
Measurement of the osseous and ligamentous boundaries
of the spinal canal
The results of included papers assessing the bony
and ligamentous boundaries of the spinal canal us-
ing quantitative measurements and qualitative grad-
ing systems are detailed in table B.8 and B.9 respect-
ively.
Quantitative measurements generally showed no
relation with clinical status, with no convincing cor-
relation between either the canal cross-sectional area,
AP diameter, lateral recess height or foraminal cross-
sectional area and clinical symptoms at baseline. No
case-control or prognostic studies were found for the
quantitative measures.
While Ishimoto et al. (2013) found a relationship
between qualitatively measured compromise of the
central canal and prevalence of symptomatic stenosis
in a population cohort, other studies using the same
grading system failed to demonstrate a relationship
with pain symptoms in stenosis patients (Burgstaller
et al. 2016). The absence of epidural fat, indicat-
ive of more severe stenosis and a favoured criterion
for practising radiologists (Mamisch et al. 2012), was
found not to predict pain or disability but did pre-
dict a higher rate of satisfactory response to surgery
(Burgstaller et al. 2016).
Qualitative grading schemes of the lateral recess
and neural exit foramina stenosis focused onwhether
the transiting or exiting nerve root appeared com-
pressed (table B.10). No significant association with
clinical symptoms at baseline or prognosis was iden-
tified. No quantitative measurement of lateral recess
or neural exit foramen stenosis was investigated by
the included papers.
The clinical relevance of multi-level stenosis
Due to the possible pathophysiological importance of
multi-level stenosis in the generation of neurogenic
claudication, it is surprising only a single relevant
case-control type paper was identified. Hamanishi
et al. (1994) demonstrated that while 89% of patients
withneurogenic claudication appeared tohavemulti-
level central stenosis, this was seen in only 10% of
controls.
Paradoxically, two papers found multi-level sten-
osis patients had less severe symptoms at baseline
compared to patients with single level stenosis
(table B.11). Sigmundsson et al. (2011) found the
number of stenotic levels showed a negative correl-
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Figure 2.3: Map of the definition of lumbar spinal stenosis within the included papers inclusion criteria
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Table 2.2: The use of validated clinical scoring systems for measurement of pain and disability within the papers
included in the scoping review. Freq. — Frequency, % — Percentage of total citations.
Clinical Scoring System Freq. % Citation
Oswestry Disability Index 15 42 Fairbank et al. 2000
Visual Analogue Scale for Leg Pain 12 33 Zanoli et al. 2001
Visual Analogue Scale for Back Pain 11 31 Zanoli et al. 2001
Short Form Health Survey (SF-36) 5 14 Ware et al. 1992
Numerical Rating Scale for Back Pain 4 11 Downie et al. 1978
Beck Depression Inventory 3 8 Beck 1961
Lumbar Spinal Stenosis Surgery Satisfaction Score 3 8 Kuittinen et al. 2012
Japanese Orthopaedic Association Scale 3 8 Azimi et al. 2012
Euro-Qol - 5 Dimensions 2 6 EuroQol Group 1990
Numerical Rating Scale for Leg Pain 2 6 Downie et al. 1978
Roland-Morris Score 2 6 Roland et al. 1983
Stenosis Bothersomeness Index 2 6 Patrick et al. 1995
Visual Analogue Scale for Whole Bodily Pain 2 6 Zanoli et al. 2001
Centre for Epidemiologic Studies Depression Scale 1 3 Carleton et al. 2013
Hannover Back Pain Activity Score 1 3 Kohlmann et al. 1994
McGill Pain Questionnaire 1 3 Melzack 1975
Qúebec Back Pain Disability Scale 1 3 Kopec et al. 1995
Pain Disability Index 1 3 Tait et al. 1990
Pain Sensitivity Questionnaire 1 3 Ruscheweyh et al. 2009
Panic Disorder Severity Scale 1 3 Houck et al. 2002
Pittsburgh Sleep Quality Index 1 3 Mollayeva et al. 2016
Swiss Spinal Stenosis Questionnaire 1 3 Stucki et al. 1996
ation with VAS leg pain and that patients with multi-
level stenosis had higher general health levels. Kuit-
tinen et al. (2014c) found longer maximum walking
distances in multi-level stenosis. These authors hy-
pothesised that multi-level facet joint arthrosis may
promote stability, reducing spinal instability related
symptoms. Other studies have not reproduced these
findings (Sirvanci et al. 2008; Kapural et al. 2007;
Zeifang et al. 2008). The prognostic value of the pres-
ence of multi-level stenosis was unclear (table B.12),
with two studies showing improved surgical treat-
ment effects in single level stenosis (D. K. Park et al.
2010; Kuittinen et al. 2014b) andone showing the op-
posite (Sigmundsson et al. 2012).
2.2 Systematic review rationale and methodology
Aims and rationale
At the conclusion of the scoping review, two review
questions relevant to the research questions posed in
§ 1.7.2 were selected for full systematic reviews.
Review 1: primary review question:
In patients diagnosed with degenerative
lumbar spinal stenosis, what is the re-
lationship between measurements of the
dural-sac cross-sectional area on MRIs of
the lumbar spine, and the patient’s pain,
disability and quality of life?
The DS-CSA was selected as it was by far the most
common measurement of anatomical LSS severity in
the reviewed literature, measured a structure directly
linked to the risk of nerve root compression, and was
investigated by papers with a relatively homogenous
methodology but with unclear aggregate results.
A review of the relationship between DS-CSA and
the efficacy of surgical intervention, while perhaps
clinically more interesting, was not attempted due
to the small number of papers investigating this and
their significant methodological heterogeneity both
in terms of intervention and statistical approach.
Review 2: primary review question:
What quantitative or qualitative findings
onMRI examinations of the lumbar spine
are associated with the presence of neuro-
genic claudication?
The small number of case-control studies identi-
fied by the scoping review generally found smaller
canal sizes and indirect signs of neural compression
in patients with symptomatic LSS, but used hetero-
genous inclusion criteria — not all adhered to the
NASS definition or explicitly required patients to
have neurogenic claudication. Hence, a systematic
review of case-control papers using a case population
specifically with neurogenic claudication, and hence





The protocol for the two subsequently described sys-
tematic reviews were prospectively registered on the
PROSPERO international register of systematic re-
views under references: CRD42017064865 (Gagen et
al. 2017a) andCRD42017064873 (Gagen et al. 2017b).
Search strategy
Acombined search strategywasused for both system-
atic reviews, designed to return citations referring to
MRI imaging in patients with spinal stenosis and/or
neurogenic claudication. The search was performed
on MEDLINE, EMBASE, the Cochrane Library and
Web of Science databases on the 23rd August 2017
with no specified start date. The full search strategy
is included in Appendix B.2.
References were managed using the website
http://www.covidence.org (Veritas Health Innova-
tion 2017) and duplicates were removed. Citations
were screened first by title and abstract, with separ-
ation of citations relevant to the different reviews at
the abstract screening phase. Identified potentially
relevant citations then had their full texts by two au-
thors. Disputes regarding inclusion were settled by a
third author. No language limitations were imposed,
two non-English papers were translated during full
text screening. The bibliography of included cita-
tions were assessed for any citations missed by the
search strategy.
Nomissing full texts were identified. The reasons
for the exclusion of any papers at the full text review
were recorded.
Eligibility criteria
Citations generated by the search strategy were
screened according to the following eligibility cri-
teria.
Review 1 inclusion criteria:
• The studied population must consist of skeletally
mature adults with a primary diagnosis of sympto-
matic degenerative lumbar spinal stenosis.
• Included papers must report the dural sac cross-
sectional area, asmeasured on cross-sectional ima-
ging, and relate this to a validated and quantitative
metric of pain, disability or quality of life.
• Included studies will be primarily cross-sectional
in design or have a cross-sectional component and
be published within a peer reviewed journal or as a
conference proceeding.
Review 2 inclusion criteria:
• The studied population within included citations
must:
– Involve only skeletally mature adults.
– Include a case populationwho on clinical assess-
ment have neurogenic claudication defined as
radiating buttock or leg pain that is provoked by
upright exercise.
– Include at least one control population who do
not have neurogenic claudication symptoms.
• Report at least one quantitative or qualitative find-
ing on MRI examination of the lumbar spine and
compare the presence of this finding between the
neurogenic claudication and control groups.
It is important to note that for review two, studies
that use a “spinal stenosis” case population, where
neurogenic claudication is not stated to be present in
all case participants, would notmeet the above inclu-
sion criteria.
Exclusion criteria (both reviews):
• Studies specifically including patients with the
conditions below,where these patients are not ana-
lysed separately:
– Acute spinal conditions (e.g. disk herniation,
trauma, infection)
– Spinal malignancy
– Prior lumbar spinal surgery
– Congenital syndromes
Data extraction
Papers identified for inclusion underwent data ex-
traction by two authors using a standardised tem-
plate. The data extracted included a description of
the study population (including age range, ethni-
city, the inclusion and exclusion criteria and recruit-
ment method) and a description of the study meth-
odology (including MRI positioning, MRI sequences
employed, the method used for measurement of the
dural-sac cross-sectional area and the timing of the
data collection). The specific outcome variables,
their means of collection, the statistical methods em-
ployed and the results of each analysis presented for
each paper was also recorded.
Quality assessment was performed for each in-
cluded paper, guided by the National Institute of
Health (NIH) quality assessment tool for observa-
tional cohort and cross-sectional studies for review 1
(questions 6, 7, 10 and 13 were omitted as they are
only relevant to longitudinal studies) and the NIH
quality assessment tool for case-control studies for re-
view 2 as appropriate to the expected included study
type. Quality assessment was completed by two au-
thors for each paper and used to inform an overall as-
sessment of the risk of bias as being either good, fair
or poor. No specific quality threshold was used to
exclude papers from any subsequent analysis, and a
discussion of any identified sources of bias and study
quality is included in the review.
After completion of data extraction, discrepancies
were resolved by discussion among collaborators.
Data synthesis and meta-analysis
Primary data synthesis is tabular with narrative sum-
mary and discussion of the results, broken down by
outcome variable, for both reviews.
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For review 1, the majority of papers performed a
correlation analysis between theminimalDS-CSAper
patient and the various outcome variables. Where
appropriate, a meta-analysis of correlation coeffi-
cients has been performed using a similar approach
to the “bare bones” method proposed by Schmidt
et al. (2015). For outcome variables where no meta-
analysis has been performed, the reasoning behind
the decision not to proceed has been presented.
Two papers included in review 1 presented a com-
parison between DS-CSA and ODI grouped as cat-
egorical variables — the data from these two papers
was extracted, pooled, and a chi-squared test, using
a null hypothesis that the DS-CSA category and ODI
category were unrelated, was performed.
One included paper within review 1 (Weiner et al.
2007) reported bothDS-CSAand anoutcomevariable
for each participant but did not perform any statist-
ical analysis between these variables. This data was
extracted and a Pearson’s correlation coefficient cal-
culated.
Within the text descriptions of correlation coeffi-
cients adhere to Cohen’s conventions for effect sizes
(small: 0.1 – 0.3, medium: 0.3 – 0.5, large: > 0.5).
Stated p values and other statistics are taken from the
original papers where possible, or calculated where
absent. Missing p values for correlation analyses
were calculated using a Fisher’s Z transformation,
and relate to a null hypothesis of no true correlation
between DS-CSA and the outcome variable.
For review 2, no meta-analysis of study results re-
lating to diagnostic test accuracy was performed due
to both highmethodological heterogeneity and prob-
lems with bias within study results, as discussed fur-
ther in § 2.4.
2.3 Review 1 results:
Is there a relationship between the dural-sac cross-sectional area and patient pain, disability and quality of life?
2.3.1 Search results
The results of the search strategy are detailed in fig-
ure 2.4. In total 5155 non-duplicate citations under-
went title and abstract screening.
A total of 75 full texts were reviewed and 57 were
excluded. The reasons for exclusion at the full text
review stage are detailed in the PRISMA diagram. A
single paper was excluded during data extraction as
it did not state the direction of identified correla-
tionsbetween theDS-CSAand theoutcomevariables,
meaning its results could not be meaningfully incor-
porated into the review.
2.3.2 Quality assessment
The results of the quality assessment are shown in
figure 2.5. In total 12 of the 17 papers were judged
to be of poor quality with 3 being judged as fair and 1
judged of good quality.
There were several domains in which papers con-
sistently scored poorly. Only one paper made an at-
tempt to statistically control for potential confound-
ing variables and few made any assessment of their
statistical power. Many studies used radiological cri-
teria as part of their inclusion criteria, either impli-
citly or explicitly, but did not state the definition of
stenosis they used to include patients. Therewas also
generally poor recording of whether MRI and clin-
ical assessors were appropriately blinded and many
papers did not assess the reliability of their measure-
ment of the DS-CSA.
2.3.3 Relationship with disease severity
The majority of papers assessed the relationship
between the minimal DS-CSA per patient and one or
more outcome variables. A summary of the findings
related to minimal DS-CSA are shown in figure 2.6
as a harvest plot (Ogilvie et al. 2008). The results
of pooling of correlation coefficients are shown in
table 2.3.
Walking capacity
In total 8 papers attempted to find a relationship
between theDS-CSAandwalking capacity. A textural
summary of the results of these papers is shown in
table 2.4.
Prasad et al. (2016) and Barz et al. (2008) found
moderate positive correlations between minimal
DS-CSA per patient and treadmill based maximum
walking distance (MWD). In contrast, Zeifang et al.
(2008) and Moon et al. (2005) found no correlation.
Zeifang et al. (2008) did find a small negative correla-
tion betweenDS-CSA at L1–2 and treadmillMWDbut
this was not replicated at any other lumbar level.
Three papers assessed patient reported MWD.
Y. U. Kim et al. (2015) and Kanno et al. (2012) found
small positive correlations with minimal DS-CSA per
patient. Interestingly, Kanno et al. (2012) found a
stronger correlation on axial loaded MRI compared
to standard supine MRI. Sigmundsson et al. (2011)
found no significant correlation.
Lau et al. (2017) mixed patient self-report and
GPS recorded maximumwalking distance and found
a moderate positive correlation with the minimal
DS-CSA. Similar to the findings of Kanno et al. (2012)
the strength of this correlation increased on standing
MRI.
No clear relationship between study quality or
sample size and the significance or size of reported
correlations was identified.
Pooling of correlation coefficients was performed
for papers relating the minimal DS-CSA to MWD.
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Figure 2.4: PRISMA Diagram of Search Strategy Results
Table 2.3: Presentation of the results of pooling correlation coefficients between minimal DS-CSA per patient and outcome
variables relating to disease severity.
Outcome Studies Total N Pooled Cor. 95% CI p I2
Max. Walking Distance (Overall) 8 551 0.14 −0.02 – 0.30 0.08 69
Max. Walking Distance (Treadmill) 4 171 0.05 −0.27 – 0.38 0.74 75
Max. Walking Distance (Patient Report) 3 310 0.14 0.02 – 0.26 0.03 17
Walking Time to Symptom Onset 2 83 0.06 −0.19 – 0.31 0.65 22
SF-36 (Bodily Pain Domain) 2 182 0.05 −0.09 – 0.20 0.47 0
SF-36 (General Health Domain) 2 182 −0.06 −0.21 – 0.08 0.41 0
SF-36 (Mental Health Domain) 2 118 0.07 −0.12 – 0.25 0.48 0
SF-36 (Physical Function Domain) 3 230 0.04 −0.09 – 0.17 0.53 0
SF-36 (Role Physical Domain) 2 182 0.12 −0.02 – 0.26 0.10 0
Overall Pain 3 248 0.06 −0.06 – 0.19 0.33 0
JOA Score 2 136 0.09 −0.27 – 0.44 0.63 74
The overall random effects model (figure 2.7) did not
reach significance with a pooled correlation coeffi-
cient of 0.14 (95% CI: -0.02–0.30, p = 0.08). Sig-
nificant statistical heterogeneity was identified (I2
69.27%). In order to investigate this, an additional
analysis was performed producing separate models
for papers measuringmaximumwalking distance via
treadmill examination and via subjective patient re-
port. The model for subjective walking distance just
reached significance with a pooled correlation coeffi-
cient of 0.14 (95% CI: 0.02–0.26, p = 0.025) while the
model for treadmill walking distance remained non-
significantwith significant heterogeneity (I2 72.45%).
A funnel plot for this datawas symmetric (figure 2.8).
The studies using patient self-report were gener-
ally larger and of higher quality (mean n = 103, two
of three ranked fair quality) compared to the studies
using treadmill assessment (mean n = 42, one of four
ranked fair quality) potentially explaining the differ-
ences in heterogeneity between the subgroups. All
papers used secondary care populations, most being
patients managed surgically.
Two papers assessed the relationship between
DS-CSA and walking distance/time to symptom
onset but neither found a significant relationship
(Prasad et al. 2016; Moon et al. 2005). Sigmundsson
et al. (2011) found no significant difference in pa-
tient reported walking distance between single and
multi-level stenosis using a DS-CSA of < 70 mm2 as
a threshold for diagnosing stenosis
Oswestry disability index (ODI)
The ODI is a self completed questionnaire designed
for assessment of function and disability in individu-
als with low back pain (Fairbank et al. 2000). The in-
dex ranges between 0 and 100 with higher numbers
representing greater disability.
In total 10 studies assessed the relationship
between the ODI and DS-CSA. A summary of the res-
ults of these studies is shown in table B.21.
Of the 9 studies performing correlational ana-
lyses between minimal DS-CSA and ODI, no study
found a significant correlation. In addition, Lau et al.
(2017) found no significant correlation withminimal
DS-CSA on standing MRI. Six papers did not report
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Figure 2.5: Quality Assessment as per NIH quality assessment tool for observational cohort and cross-sectional studies –
Questions 1 to 14 relate to specific aspects of paper quality and are answered as yes, no or CD/NR (cannot determine/not
recorded). Question 15 relates to overall paper quality and is judged as good, fair or poor. “+” symbols are used to highlight
answers of yes/good and “-” symbols are used to highlight answers of no/poor.
the correlation co-efficient and one did not include
information on sample size. Given this, and other
study heterogeneity, no meta-analysis was therefore
attempted for this data.
Two papers categorised patients by ODI into min-
imal disability (0% to 20%), moderate disability (21%
to 40%), severe disability (41% to 60%), crippled (61%
to 80%) and bedridden (81% to 100%) groups and
compared the distribution of DS-CSA between them.
Goni et al. (2014) found significantly more patients
with a minimal DS-CSA < 70 mm2 in higher level
disability groups compared to patients with min-
imal DS-CSA > 70 mm2 (p = 0.026). In contrast,
when patients were categorised by DS-CSA as hav-
ing severe stenosis (<76 mm2), moderate stenosis
(76 to 100 mm2) or as normal (>100 mm2) no rela-
tionship betweenDS-CSA category andODI category
was identified. The latter finding was reproduced by
Sirvanci et al. (2008) and pooling the results from
these two papers did not alter the significance of the
results (Chi-squared = 8.9, p = 0.37).
Hong et al. (2015) found a small positive correl-
ation between the number of levels with DS-CSA <
100mm2 and theODI (p<0.045). Similarly dividing
patients into single and multilevel stenosis groups
showed that the ODI score was significantly smaller
in the single level stenosis group (p = 0.040).
Short form 36 (SF-36)
The Short-Form 36 questionnaire (SF-36) is a ques-
tionnaire designed for group comparisons, not spe-
cific to any one disease (Ware et al. 1992). It measures
both physical andmental health components across 8
domains. The index ranges from 0 to 100 with larger
numbers representing higher quality of life.
A summary of papers relating to SF-36 is shown
in table B.22. Five studies assessed the relationship
between minimal DS-CSA per patient with selected
domains of the SF-36, but none identified signific-
ant correlations. Pooling of these results separately
for each domain did not result in any of these rela-
tionships becoming significant. Alsaleh et al. (2017)
found no significant correlation between the min-
imal DS-CSA per patient and the total SF-36 score.
Sigmundsson et al. (2011) found that patients
with multi-level stenosis (defined as more than one
level with a DS-CSA < 70 mm2) had significantly
higher SF-36 general health scores compared to single
level stenosis groups (p = 0.04). They did not find
significant differences in bodily pain, physical func-
tion or role physical domain scores. In contrast,
Hong et al. (2015) comparing the sameSF-36domains
between single and multilevel stenosis groups using
a DS-CSA< 100mm2 threshold found no significant
differences.
Lau et al. (2017) did not find any significant re-
lationship between minimal DS-CSA and physical
health or mental health domains on standing MRI.
Pain severity
VAS allow assessment of patient reported symptom
severity by asking the patient to mark a line between
0 and 100 mm. Marks closer to the 100 mm mark
represent higher symptom severity, typically meas-
ured over the previous week. Similarly, the numeric
rating scale (NRS) technique asks participants to rate
pain on integer scale from 0 to 10, rather using the
continuous line of the VAS method. Both are known
to produce comparable results (Downie et al. 1978).
Overall, 9 studies assessed the relationship between
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Figure 2.6: Harvest plot of the included papers findings with regards to the relationship between the minimal
DS-CSA and the various outcome variables. Each papers is represented by a bar, placed within the grid for its
outcome variable assessed and the relationship identified. The height of each bar is proportional to the papers
sample size which is written above the bar. The bars colour relates to the papers overall quality rating. JOA –
Japanese Orthopaedic Association, NCO – neurogenic claudication outcome, SF-36 – short form 36, VAS – visual
analogue scale, NRS – numeric rating scale.
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Table 2.4: Table of study results related to assessment of walking ability. WDAM – Walking distance assessment method.
PSR— Patient self-report. TWA— treadmill walking assessment. GPS – mixed GPS and patient self-report.





No significant correlation of minimal DS-CSA or number of
levels with DS-CSA <70 mm2 and maximal walking distance.
No significant difference in walking distance between patients
with two level (n = 54) and single level stenosis (stenosis
defined as DS-CSA <70 mm2).
Kanno 2012 88 Referrals for Surgical
Management
Small positive correlation between minimal DS-CSA and max-
imal walking distance (r = 0.23 p <0.05). After axial loading
the correlation increased to 0.46 (p <0.001).
Kim 2015 117 Secondary Care Out-
patients
Small positive correlation between minimal DS-CSA and max-
imal walking distance (r = 0.201 p = 0.049).
TWA Moon 2005 35 Surgically Managed
Patients
No significant correlation between minimal DS-CSA and max-
imum walking distance or distance to symptom onset.
Barz 2008 25 Surgically Managed
Patients
Large positive correlation between minimal DS-CSA and max-
imum walking distance (r = 0.53 p = 0.003).
Zeifang 2008 63 Secondary Care Out-
patients
Small negative correlation between DS-CSA at L1–2 and max-
imal walking distance (tau = -0.118 p = 0.032). No significant
correlation at any other lumbar level or with minimal or mean
DS-CSA per patient.
Prasad 2016 48 Surgically Managed
Patients
Moderate positive correlation between minimal DS-CSA and
maximum walking distance (r = 0.35 p = 0.01) and maximum
walking time (r = 0.45 p <0.01). No significant correlation
betweenminimalDS-CSAanddistance or time to symptomon-
set.
MGPS Lau 2017 70 Secondary Care Out-
patients
Moderate positive correlation between minimal DS-CSA and
walking distance (r 0.39 p <0.001). Correlation increased to
0.55 (p <0.001) on standing MRI.
DS-CSA and VAS or NRS assessment of symptom
severity (table B.23).
Three studies assessed overall pain severity, two
using VAS, one using NRS scores. All three stud-
ies found no significant correlation between themin-
imal DS-CSA and overall pain rating. The pooled cor-
relation co-efficient for these studieswas not signific-
ant. Burgstaller et al. (2016) also found no significant
correlation between DS-CSA on a per segment basis
and overall pain. Hong et al. (2015), using a DS-CSA
threshold of 100 mm2 to define stenosis, found no
correlations between the number of stenotic levels
and pain levels and no difference in average overall
pain between single and multi-level stenosis groups.
Three studies assessed low back pain symptom
severity, all three using VAS scores, and none finding
a significant correlation with minimal DS-CSA per
patient. (Sigmundsson et al. 2011) found no signific-
ant correlation between VAS back pain scores and the
number of levels with DS-CSA< 70mm2 per patient.
No significant difference between single and multi-
level stenosis groups was identified using DS-CSA <
70 mm2 as a threshold.
Six studies assessed leg symptom severity, five
assessing leg pain and one assessing leg numbness
using VAS scores. On standard supine MRI no pa-
per found a significant correlation between minimal
DS-CSA and VAS leg pain. On standing MRI, Lau
et al. (2017) found a small negative correlation with
VAS leg pain (p < 0.05). In contrast, Kanno et al.
(2012) did not find a similar relationship using axi-
ally loaded MRI. Sigmundsson et al. (2011) found
a small negative correlation between the number of
levels with DS-CSA< 70 and VAS leg pain (p = 0.03)
but when dividing patients into single and multi-
level stenosis groups, using the DS-CSA < 70 mm2
threshold, found no significant difference between
groups.
Kanno et al. (2012) assessed VAS scores for leg
numbness and found no significant correlation with
minimal DS-CSA on supine MRI. On axially loaded
MRI, however, a small negative correlation was iden-
tified (p< 0.01).
Due to incomplete data no attempt to pool cor-
relation coefficients relating to low back pain or leg
symptom severity was made.
Japanese orthopaedic association score
The Japanese Orthopaedic Association (JOA) score
is a 7 item metric based on a mixture of patient re-
port and examination findings (Fujiwara et al. 2003).
Lower scores represent poorer outcomes. Two papers
in total assessed JOA score, summarised in table B.24.
Kanno et al. (2012) found a small positive correla-
tion between the minimal DS-CSA and the JOA score
(p< 0.05) on supineMRI. This increased to a moder-
ate correlation on axial loading (p< 0.001). Prasad et
al. (2016) did not find a significant correlation on su-
pine MRI, albeit with a sample size almost half that
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Figure 2.7: Forrest plot of correlational analyses relating minimal DS-CSA to maximum patient walking distance. The iden-
tified correlation co-efficient is presented for each study with the upper and lower confidence intervals.
of Kanno et al. (2012). The pooled correlation co-
efficient of 0.09 (CI: -0.27 – 0.44) was not significant
(p = 0.63).
Zurich claudication questionnaire
The Zurich claudication questionnaire (ZCQ) is a dis-
ease specific self report outcome instrument com-
monly used in trials of treatment of lumbar spinal
stenosis(Stucki et al. 1996). The scale refers to symp-
toms over the past month and is expressed as a per-
centage with higher values representing worsening
disability.
Two studies assessed the ZCQ, summarised in
table B.24. Burgstaller et al. (2016) found no signi-
ficant correlation between minimal DS-CSA and the
symptom severity domain of the ZCQ. Marawar et
al. (2016) found a positive correlation between the
DS-CSA at L2–3 and ZCQ scores (p value not stated)
that was not present at any other level.
Other outcome measures
Hong et al. (2015) found no significant correlation
between minimal DS-CSA or the number of levels
with DS-CSA < 100 mm2 and the Beck depression,
Beck anxiety or Pittsburgh sleep quality indices. No
difference in these outcome variables was identified
between single andmulti-level stenosis groups. Man-
nion et al. (2017) found no significant relationship
Figure 2.8: Funnel plot of correlation coefficients between minimal DS-CSA and maximumwalking distance.
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between DS-CSAwith the core outcomesmeasure in-
dex (a low back pain assessment tool (Azimi et al.
2012)). Sigmundsson et al. (2011) found no signi-
ficant relationship between EQ-5D scores and min-
imal DS-CSA or the number of levels with DS-CSA
< 70 mm2. No significant difference in average EQ-
5D scores was found between single and multi-level
stenosis groups. Weiner et al. (2007) found no sig-
nificant correlation between the minimal DS-CSA
per patient and the neurogenic claudication outcome
score.
2.4 Review 2 results:
What MRI findings are associated with neurogenic claudication?
2.4.1 Search results
The results of the search strategy are detailed in fig-
ure 2.9. 5155 non-duplicate citations underwent title
and abstract screening.
A total of 57 full texts were reviewed and 43 were
excluded. Two citations were excluded as their full
texts were not available for review. No additional
citationswere identifiedon reviewof the includedpa-
pers bibliographies.
2.4.2 Quality assessment
The results of the quality assessment are shown in
figure 2.10.
A number of consistent methodological prob-
lems were identified in the included papers. All
but one study was designed primarily to investigate
symptomatic lumbar spinal stenosis, rather than spe-
cifically patients with neurogenic claudication, and
hence included radiological criteria within their case
participant definition. This was sometimes expli-
cit (though the definition of stenosis was often not
provided), but also occurred through use of a case
population drawn from surgically managed patients.
Eleven studies did not blind MRI assessors to the
group status of the participants. No included study
provided a sample size justification and only a single




Four papers reported the DS-CSA in both case and
control participant groups (table A.10).
Hamanishi et al. (1994) reported the minimal
DS-CSA was smaller at all measured levels in neuro-
genic claudication patientswhen compared to a small
age matched control group. The majority of neuro-
genic claudication patients showed stenosis at the
L4/5 level with a mean DS-CSA of 47± 19mm2 com-
pared to 144± 35mm 2 in controls. For the 134 parti-
cipants forwhichMRI imageswere available between
L2/3 and L4/5, 89.5% of claudication patients had two
or more levels with a DS-CSA < 100 mm2, compared
to 22.9% of radicular pain patients and 3.1% of low
back pain patients.
The remaining three studies all found smaller
DS-CSA measurements in case participants, but in-
cluded radiological criteria within their case parti-
cipant definition,making interpretation of their find-
ings difficult.
The sedimentation sign
The sedimentation sign, failure of the nerve roots to
sediment into the bottom half of the spinal canal ad-
jacent to a stenotic segment, was investigated by four
papers (table B.17). All four investigated case parti-
cipants included radiological criteria as part of their
case definition. They reported sensitivities between
94% and 42% and specificities between 100% and 49%.
The highest sensitivity and specificity was repor-
ted by Barz et al. (2010) in 2010 who used strict ra-
diological definitions for both case (DS-CSA < 80
mm2) and control patients (DS-CSA > 120 mm2). L.
Zhang et al. (2017) reported a sensitivity of 77.1% and
specificity of 53.0%, using a stenosis definition of a
DS-CSA < 120 mm2, but found this increased to 95%
and80% respectivelywhen applying the case and con-
trol definitions used by Barz et al. A logistic regres-
sion analysis found the presence of a positive sedi-
mentation sign was not predicted by the presence of
neurogenic claudication (OR 0.88, p = 0.56) but was
predicted by the presence of radiological stenosis and
the number of stenotic levels (p < 0.01). Laudato
et al. (2015) found a positive sedimentation sign was
associated with surgical management within lumbar
spinal stenosis groups.
Dural-sac morphology
Two papers assessed the A to D grading system, pro-
posed by Schizas et al. (2010), classifying the ef-
fect of lumbar canal stenosis on dural-sac morpho-
logy (table B.18). Both papers included both conser-
vatively and surgically managed patients and used
a symptomatic lumbar spinal stenosis population,
though the definition of radiological stenosis used
was not provided.
Schizas et al. (2010) found grades C-D stenosis
had a 61.8% sensitivity and 88.8% specificity for the
neurogenic claudication group with Laudato et al.
(2015) finding 76% and 92% respectively. Both papers
found grades C-D stenosis was predictive of failure




Figure 2.9: PRISMA diagram of search strategy results
Table 2.5: Case-control studies comparing the dural-sac cross-sectional area (DS-CSA)
Citation Case Population Control Population Results
Hamanishi
1994
53 secondary care patientswith
neurogenic claudication
169 secondary care patients -
51 with non-specific low back
pain, 79 with radicular pain
and 39 control patients with
symptomatic lesions outside
the lumbar spine (15 aged
matched subgroup).
Mean DS-CSA was smaller at all measured levels
in neurogenic claudication patients compared to
the age matched control subgroup (p <0.001).
90% of patientswith claudicationhad twoormore
levelswithDS-CSA<100mm2, but only 23% of ra-
dicular pain patients, 3% of low back pain and 3%
of control patients.
Hou 2015 21 patients with neurogenic
claudication and aDS-CSA less
than two thirds that of a corres-
ponding normal intervertebral
space.
20 healthy volunteers Mean DS-CSA from L3/4 to L5/S1 was signific-
antly smaller in neurogenic claudication patients
compared to controls (p <0.001).




91 patients undergoing MRI
as part of a routine medical
check-up without symptoms
of lumbar spinal stenosis.
Minimal DS-CSA per patient was significantly
smaller in the neurogenic claudication group
compared to the control group (p <0.001).
Zhang 2017 105 orthopedic outpatients
with neurogenic claudication
and DS-CSA <120 mm2.
215 orthopedic outpatients
with non-specific low back
pain.
Minimal DS-CSA was 85.5 mm2 in LSS patients
and 112.2 mm2 in the low back pain group (p
<0.01). 115 of the 215 control patients had ra-
diological stenosis as defined by a DS-CSA <120
mm2.
Dimensions of the ligament flavum
Two papers assessed measurements of the liga-
mentum flavum (table B.19). Y. U. Kim et al. (2015)
showed individuals with neurogenic claudication
and neuroradiologist diagnosed stenosis had greater
mean ligamentum flavum area and thickness com-
pared to controls . A second paper by Kim in 2017
showed ligamentum flavum area could separate case
and control populations with a sensitivity of 80.1%
sensitivity and 76% specificity, diagnostically out-
performing ligamentum flavum thickness measure-
ments (Y. U. Kim et al. 2017).
Other MRI measurements
A further 7 MRI measurements were assessed by
single papers (see table B.20), all of which included
radiological criteria within their case definitions.
Manaka et al. (2003) found an increased preval-
ence of spinal venous plexus defects in claudica-
tion patients with higher grades associated with
shorter claudication distances. Kobayashi et al.
(2015) showed abnormal contrast enhancement of
the cauda equina at the site of stenosis in claudica-
tion patients. Single papers found a smaller spinal
canal area (Y. U. Kim et al. 2015), smaller sacral angle
(Ghasemi et al. 2016) and greater multifidus atrophy
(Jiang et al. 2017) in claudication patients. Chun et al.
(2017) found that after exercise claudication patients
showed lower dural peak CSF velocities, which were
not present at rest. Hou et al. (2015) found abnormal
nerve root tractography in claudication patients.
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Figure 2.10: Graphical summary of quality assessment for the included papers
2.5 Literature review discussion
2.5.1 Review 1
This review included 17 papers exploring the relation-
ship between the DS-CSA (a measurement of spinal
canal narrowing) and multiple measurements of pa-
tient pain, disability and quality of life.
The best evidence was found for a relationship
with maximum walking distance. A slight majority
of papers found a positive relationship between min-
imalDS-CSA andmaximumwalking distance but the
overall pooled correlation co-efficient was not signi-
ficant with substantial heterogeneity. The hetero-
geneity appeared to be primarily caused by a group
of studies all using treadmill assessment that had on
average smaller sample sizes and lower quality scores
than the much more homogeneous studies using pa-
tient self-report. A subgroupmodel pooling the latter
group of papers found a small but significant posit-
ive correlation, similar in size to that found by Lau et
al. (2017) whomixed self-report and community GPS
recording.
Treadmillwalkingdistance is known tohave good
test-retest reliability, but exact protocols can vary
between institutions and its results do not always
correlate well with patient perception of their degree
of limitation (Deen et al. 2000). These differences
may in part be explained by the difference between
capacity and performance, the former representing
an individuals ability to perform in a controlled set-
ting, and the latter performed by the individual in
a day to day basis in the context of their own life
(Organization 2001). These are known to be related,
but measurably different, in individuals with lumbar
spinal stenosis (Conway et al. 2011) and there is some
evidence that self reported maximum walking dis-
tance has a stronger relationship with GPS recorded
community walking distance than laboratory based
measurements (Tew et al. 2013). Aside from Lau et
al. (2017), none of the included papers attempted to
measure objective walking performance, as opposed
to capacity, despite its likely greater importance to pa-
tients quality of life.
Despite the above, the correlations from the pa-
pers using patient self-report were small, and hence,
if a true underlying relationship exists between max-
imumwalking performance and canal size it is likely
to be weak.
In addition to walking ability, the included pa-
pers used in total 11 separate quality of life/dis-
ability measurement tools, none of which demon-
strated a convincing and repeated relationship with
theDS-CSA. In particular, theOswestryDisability in-
dex, several SF-36 domains and VAS/NRS measure-
ment of pain, were repeatedly assessed by multiple
papers, consistently finding no significant relation-
ship between the DS-CSA.
The included papers had several fairly consistent
designflaws. A significant proportion of the included
studies involved surgical or secondary care popula-
tions and, either implicitly or explicitly, used radi-
ological criteria to include or exclude patients. While
this is not surprising, given the consensus definition
of symptomatic lumbar spinal stenosis includes both
clinical and radiological criteria (Kreiner et al. 2013),
it poses significant problems in studies designed to
assess the relationship between radiological and clin-
ical severity. Use of such criteria is likely to cause
omission of patients with more mild presentations,
both radiologically and clinically for surgical cohorts,
and hence may reduce the papers power to detect a
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correlation. Similarly, only a single paper made any
attempt to control for confounding variables and all
included correlation coefficients were bi-variate ana-
lyses. With such such an approach it seems equally
possible that the papers finding correlations between
DS-CSA and outcome variables were doing so be-
cause of some confounding factor, for instance age or
gender, known to be related to the degree of narrow-
ing (Ishimoto et al. 2012), or that the presence of pa-
tient factors, for instance pain sensitivity (H.-J. Kim
et al. 2015), were masking a true underlying relation-
ship.
This review has several limitations. For several
of the models presented the statistical heterogen-
eity was high, and this is perhaps unexpected given
the observational nature of the studies (Dwyer et al.
2001). Both Spearman and Pearson correlation coef-
ficients have been pooled and, while these measure
closely related but different attributes of the data,
they are have been shown to approach each other
and become similar with increasing sample sizes (de
Winter et al. 2016). The meta-analysis presented by
this review should be considered as an adjunct to the
overall evidence rather than as being an authoritative
estimate of the true underlying relationship or lack
thereof.
2.5.2 Review 2
The aim of this review was to find radiological fea-
tures associated with neurogenic claudication symp-
toms. While fourteen papers investigating MRI find-
ings in both individuals with and without neuro-
genic claudication were found, all but one primar-
ily investigated a case population with symptomatic
lumbar spinal stenosis and hence included radiolo-
gical criteria within their case, and sometimes con-
trol, definitions. While this approach has the advant-
age of conforming to the NASS guidelines and select-
ing caseswith potentially surgically treatable disease,
such an approachmeans any identified differences in
the MRI studies are likely to be explained, at least in
part, by the differences in radiological inclusion cri-
teria rather than the differing symptoms or function
between patient groups.
Only one included paper did not appear to separ-
ate participants on radiological features. Hamanishi
et al. (1994) showed smaller DS-CSA measurements
in neurogenic claudication patients, but performed
the analysis on a level by level basis and did not
seek to identify a threshold that separated the case
and control groups. The paper also showed higher
levels of multilevel stenosis (defined as a DS-CSA <
100 mm 2) within claudication patients compared to
other lumbar conditions.
Neither this not the previous review includes
evidence frommyelographyorCTbased studies. This
can be justified on the grounds that MRI has largely
replaced these modalities as the primary investiga-
tion in suspected stenosis. While a recent diagnostic
test accuracy review has shown MRI has an equival-
ent if not superior sensitivity and specificity to these
modalities (de Schepper et al. 2013), its papers used
anatomical rather than clinical reference standards.
In conclusion, while there are multiple imaging
features that may potentially differentiate sympto-
matic lumbar spinal stenosis patients fromother indi-
viduals undergoing MRI of the lumbar spine, the lit-
erature is insufficient to propose a clear definition of
stenosis on the basis of its consistent associated with





• To investigate the inter- and intra-rater reliability
of a range of commonly used MRI based measure-
ments described within the literature that meas-
ure structures potentially related to the diagnosis
of anatomical lumbar spinal stenosis.
• To investigate how both qualitative and quantit-
ative measurements of the different lumbar canal
structures interrelate, how these measurements
changewith increasing age and other demographic
factors and how these relationships change in pa-
tients with and without neurogenic claudication.
• To look for a threshold level of narrowing of the
spinal canal or other radiological sign identified
onMRI examinations of the lumbar spine that dif-
ferentiate patients with and without neurogenic
claudication and to assess the associated accuracy
for doing so.
• To investigate the relationship between severity
of clinical presentation and the degree of lumbar
canal narrowing in a population with neurogenic
claudication symptoms who have not been selec-
ted for inclusion based upon any anatomical cri-
teria related to the lumbar canal.
The majority of the MRI data analysed in this
thesis comes from participants of the BOOST RCT,
whose methodology is presented in the next section.
The presented methodology aims to avoid some
of the problems identified in the current literature
and discussed previously inChapters 1 andChapter 2.
Particularly, by focusing on patients with neurogenic
claudication rather than the full diagnosis of symp-
tomatic lumbar spinal stenosis (i.e. not specifying a
degree of canal narrowing required to be included in
any case population) underlying assumptions about
the anatomical causes of neurogenic claudication are
avoided, potentially less severe presentations that
could be excludedon radiological groundswill still be
included, and the proposed case-control type study
can be more sure that any differences in imaging
between the two participant groups are due to the dif-
ference in symptomatic status rather than because of
any differences in anatomical inclusion criteria for
the two groups.
3.2 BOOST: better outcomes for older adults with spinal troubles — a randomised
controlled trial
Note: the full protocol of the BOOST RCT has been published byWilliamson et al. (2018).
3.2.1 Rationale
Currentmanagement options for patientswithNCdi-
verge depending on the severity of symptoms, their
duration, and the presence of anatomical stenosis as
demonstrated on imaging (Kalff et al. 2013). For pa-
tientswith bothneurogenic claudication and radiolo-
gical stenosis (i.e. symptomatic LSS), surgical relief
of the stenosis can be undertaken, but this is gen-
erally only considered after a period of conservative
management (Machado et al. 2016). Surgery is also
expensive, carries a risk of complications including
infection and CSF leak (Deyo et al. 2010), and is of
uncertain efficacy — a 2016 Cochrane society review
concluded with a statement indicating the authors
had little confidence that the available evidence base
showed a conclusive benefit from surgical treatment
when compared to conservativemanagement options
(Zaina et al. 2016). Surgery also showed a complic-
ation rate between 10% to 24% in contrasted to the
low morbidity associated with non-surgical manage-
ment.
Non-surgical treatment generally involves
physiotherapy alongside other management options
including facet joint injections and oral analgesia
(Ammendolia et al. 2013). Patientswithout clear ana-
tomical changes to explain theirNC symptoms are de-
pendent upon these non-operative treatments given
the lack of a surgical target for intervention. The
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evidence base for non-operative care for neurogenic
claudication patients is of low quality: the available
clinical trails suffer from significant limitations in
follow up length and have generally small sample
sizes (Ammendolia et al. 2013). Physiotherapy is a
commonly used part of this non-operative manage-
ment (Comer et al. 2009) but there is little to guide
both what the best form of physiotherapy interven-
tion is and what its likely efficacy is in relief of symp-
toms and improvement of disability (Macedo et al.
2013a).
The BOOST multicenter RCT is designed to ad-
dress this gap in the evidence base, aiming to develop
and test the efficacy of a physiotherapy intervention
in patients with NC. As part of its design it will also
explore potential predictors of any identified treat-
ment effect, as well as general predictors of patient
prognosis over the course of the trial and it’s follow-
up. Among the potential predictors explored will be a
set of MRI based measurements of spinal canal size.
3.2.2 Objectives
• To estimate the clinical and cost-effectiveness of
a physiotherapist delivered physical and psycholo-
gical intervention for older adults with neurogenic
claudication when compared to current best prac-
tice.
• To explore whether radiological measurements of
canal size, indicators of frailty or behavioural
factors can identify groups of participants more
like to benefit or fail to benefit from the interven-
tion using a pre-specified subgroup analysis.
• To conduct in parallel with the main RCT a longit-
udinal qualitative study to collate participant ex-
periences of living with neurogenic claudication.
3.2.3 Overview of study design
The overall study design is that of amulticenter RCT.
Community dwelling participants with neuro-
genic claudication were recruited at multiple centres
spread throughout the UK, including both second-
ary care and primary care settings. On recruitment,
participants were randomised in a 2∶1 ratio to either
the BOOST physiotherapy intervention or to current
physiotherapy based best practice.
The BOOST intervention consistent of physio-
therapist delivered combined physical and psycholo-
gical program. Each participant first attended an in-
dividual session followed by 12 group sessions, each
involving 6 participants, delivered over a 12 week
period. During the individual sessions participants
underwent an assessment followed by a tailored pre-
scription of a series of exercises designed to target
muscle strength, flexibility and balance. The group
sessions consisted of education and group discus-
sion, followed by warm-up and circuit exercises, fol-
lowed finally by a walking circuit, the latter aimed
at increasing mobility and walking self-efficacy. The
education and psychological component focused on
cognitive behavioural techniques, pain management
strategies and encouragement to engage with the
home exercise regime. On conclusion of the group
exercises two follow-up phone calls were made to en-
courage ongoing adherence to the home exercise pro-
gramWard et al. (2019).
The comparator best practice arm was given ad-
vice by a physiotherapist ideally in a single session,
with up to two review sessions as needed.
Participants were followed up for 12 months post
recruitmentwith theprimary assessedoutcomebeing
the ODI, a measure of back pain related disability.
3.2.4 Recruitment
BOOST began recruitment in July 2016, eventually
opening in 15 centres across theUK. Recruitmentwas
closed in August 2019.
Potential participantswere identified throughone
of two pathways. The first recruited from second-
ary care physiotherapy and spinal clinics. Clinic staff
provided potentially eligible patients with informa-
tion on the study and also gained consent for further
contact by research staff. The second recruited parti-
cipants from a related primary care population based
cohort study— theOxford pain, activity and lifestyle
cohort study (OPAL). OPAL is currently ongoing at
34 primary care centres in the UK and has recruited
participants from a random sample of the individu-
als registered at each centre. The initial OPAL study
questionnaire includes a set of questions to identify
participants who would be potentially eligible for
BOOST and such participants were approached for
BOOST recruitment.
Overall 884 potential participants underwent
telephone screening for inclusion, 732 identified by
clinical staff in secondary care clinics and 152 re-
cruited from the 5409 OPAL cohort study parti-
cipants. After telephone screening 360 were ex-
cluded, with 123 not being meeting eligibility cri-
teria, 166 declining consent and 71 whom it was not
possible to contact. 524 underwent a research clinic
assessment with a total of 438 recruited. Of those
screened at the research clinic, 28 were found to not
meet eligibility criteria, 1 declined consent and 57
failed to attend the appointment.
At the time of writing (Jan 2020) 53 participants
have withdrawn from the study (12.1%), and 4 parti-
cipants have died from events unrelated to the RCT.
Of those withdrawing, 3 withdrew consent for ongo-
ing use of their data and hence are absent from any
further analyses.
3.2.5 Participant eligibility
For the purposes of the BOOST trial neurogenic
claudication was defined using a set of self report
questions which have been found to have excel-
lent sensitivity and specificity for identifying NC (de




• In the past 6 weeks, have you had back pain and/or
pain or other symptoms such as tingling, numb-
ness or heaviness that travelled fromyourback into
your buttocks or legs?
Secondary questions:
• Does standing make the pain or symptoms in your
buttocks or legs worse?
• Does walking make the pain or symptoms in your
buttocks or legs worse?
• Does sitting down make the pain or symptoms in
your buttocks or legs better?
• Does bending forward (e.g. to push a shopping trol-
ley)make the pain or symptoms in your buttocks or
legs better?
In order to be judged as having neurogenic
claudication participants had to answer the primary
question as yes and also answer at least one second-
ary question as yes.
In addition, potential participants were also re-
quired to fulfil the eligibility criteria listed below.
The exclusion criteria primarily relate to fitness to
participate in the BOOST intervention.
Each potential participant was initially screened
for eligibility by a BOOST researcher first by tele-
phone call and then by attendance at a research
clinic appointment. The clinic appointment involved
ensuring the symptoms were consistent with NC,
screening for cauda equina syndrome or other ser-
ious pathology requiring further investigation, an
abbreviatedmental test (AMT) test and amobility as-
sessment. For those meeting all eligibility criteria,
written informed consentwas then taken followed by
baseline data collection.
Participant inclusion criteria:
• Registered with a primary care practice
• 65 years and over
• Participant is willing and able to give informed
consent for participation in the RCT
• Reports symptoms consistent with neurogenic
claudication
Participant exclusion criteria:
• Living in a residential care or nursing home
• Has a terminal condition with a life expectancy of
less than 6 months
• Any substantial health or social concern that, in
the opinion of the patient’s general practitioner
(GP), would place the patient at increased risk or
inability to participate including known inability
to provide informed consent (e.g. dementia)
• Unable to walk 3 meters without the help of an-
other person
• On a surgical waiting list
• Presents with cauda equina syndrome or signs of
serious pathology requiring immediate referral for
investigations
• Cognitive impairment (defined as an Abbreviated
Mental Test score of 6 or less)
• Registered blind
• Unable to follow verbal instructions which would
make participation in the exercise group imprac-
tical; including severe hearing impairment not cor-
rected by a hearing aid or inability to follow safety
instructions (e.g. English comprehension)
3.2.6 Randomisation
Randomisation into the BOOST intervention and
control groups occurred following baseline data col-
lection and used a UK Clinical Research Collabora-
tion approved web-based service. The recruiting re-
searcher, those performing follow-up data collection
and the imaging team are blinded to treatment al-
location. Participants and the treating physiotherap-
ists cannot be blinded to treatment allocation but are
asked not to share their treatment allocation with re-
searchers.
Randomisation was stratified by centre, gender
and age in a 2∶1 ratio of BOOST intervention to con-
trol groupparticipants. Of the 438 included, 295were
randomised to the group physiotherapy program and
143 to best practice advice.
3.2.7 Data collection
The full outcome measures for the trial and baseline
data points are listed inAppendixC.3. Data onall out-
comemeasurements is collected at initial recruitment
and both 6 and 12 months post randomisation. Four
of the clinical outcomes are of particular importance
for this thesis:
The change in Oswestry disability index (ODI)
v 2.1a from baseline at 12months post randomisation
is the primary outcome for the BOOSTRCT. TheODI
is a widely used, self-completed measurement of low
back pain rated disability and function, and ranges
between 0 and 100 with higher numbers represent-
ing greater disability (Fairbank et al. 2000). The in-
dex consists of 10 items, covering topics that assess
how back or leg pain is affecting the patient’s abil-
ity tomanage everyday life, including overall pain in-
tensity and restriction towalking ability. For the pur-
poses of BOOST, a question on sexual function was
omitted. Each item is scored from 0 – 5, with the per-
centage of total possible score taken as the final in-
dex. A change of 10 points in the ODI is required to
be clinically meaningful with smaller changes poten-
tially attributable to measurement error.
The Zurich claudication questionnaire (ZCQ)
is a self-report outcome which quantifies severity
of symptoms and physical function over the past
month alongside patients satisfactionwith treatment
(Stucki et al. 1996). It is also often referred to as
the Swiss spinal stenosis questionnaire in the literat-
ure. Only the ZCQ symptom subscale was used for
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BOOST, which itself is subdivided into a pain do-
main (consistingof 4 items) andaneuro-ischemicdo-
main (3 items). Each item is rated on a score from 1
to 5. The final score for subscale and each domain
is found by averaging its associated items and then
expressing the average as a percentage of the highest
possible score. Increasing values representworsening
symptoms.
The EuroQol 5-dimensions (EQ-5D) — specific-
ally the EQ-5D-5L — is a instrument for measuring
quality of life/health status (EuroQol Group 1990).
The system consists of five dimensions — mobility,
self-care, usual activities, pain/discomfort and anxi-
ety/depression—eachwith 5 levels coded from1 to 5;
with increasing score representing greater disability.
The results of the EQ-5D across all dimensions can be
expressed as a single index number by using a set of
values (weights) that grade the degree of comprom-
ise the score for each dimension would have on over-
all quality of life. The set of weights used is country
specific and non-linear in nature, found by polling a
representative sample of individuals from that coun-
try. The index ranges between 0 and 1 (expressed as a
percentage for the purpose of this thesis) with higher
values representing higher quality of life. Theweight
set used within this thesis is described by Deyo et al.
(1998).
The 6 minute walk test (6-MWT) measures the
distance an individual is able to walk in 6 minutes
on a flat indoor hard surface (Bennell et al. 2011).
Rest is allowed as required. In addition to the total
distance walked, researches also assessedwhether in-
dividuals were symptomatic before starting the test,
whether they developed claudication symptoms dur-
ing the test and if so at what distance.
The other secondary outcomes for BOOST cover
a range of self-report items covering both treatment
targets: strength, balance, mobility, frailty, etc; but
also cognitive and behavioural factors that poten-
tially mediate the efficacy of the intervention. The
most important of these include theTilburg frailty in-
dex (TFI), a measure of frailty; the STarT back score,
a primary care screening tool that aims to categorise
individuals as low, medium or high risk for devel-
oping persistent disabling symptoms, and the short
physical performance battery (SPPB), a physiotherap-
ist administered tool for assessment of lower leg func-
tion which includes assessment of standing, walking
and chair rising ability.
3.2.8 BOOST MRI imaging
Note: the full standard operating procedure (SOP) for
the imaging section of the BOOST randomised controlled
trial is presented in Appendix C.1
As part of baseline data collection, MRI studies of the
lumbar spine were collected for as many BOOST par-
ticipants as possible. Where a participant had a pre-
existing MRI study of the lumbar spine performed in
the 12 months before randomisation this was collec-
tedby electronic transfer fromtheperforming institu-
tion. Where a participant did not have a pre-existing
MRI study within the correct time frame, or where it
did not prove possible to collect the pre-existing MRI
study, patients were asked to consent for a new MRI
study specifically for the purposes of the trial. These
MRIs were performed either at the recruiting centre,
or where thiswas not possible, by referral for a private
study at an outside institution.
Imaging protocol
MRI lumbar spine protocols are fairly standardised
across NHS radiology departments. The MRI stud-
ies are performed supine with T1 and T2 weighted
sagittal imaging and T2 weighted axial imaging of
at least the lower three discs performed. Additional
imaging at other levels is often added at the discre-
tion of the performing radiographer on the basis of
their interpretation of the sagittal imaging. The axial
imaging will either be taken as separate blocks, each
angulated parallel to and centred on the discs, or as a
single block extending from L3 to S1. The former was
preferred for the purposes of the study and from the
authors experience is the most common technique in
NHS hospitals. The imaging parameters were expec-
ted to be similar to table 3.1.
Where studies were performed specifically for the
purposes of the trial they were asked to be con-
form with the above scanning protocol, with angled
axial blocks. When collecting pre-existingMRIs non-
standard sequences were accepted where they al-
lowed collection of data from the MRI in an equival-
ent manner to the standard sequences. For instance,
volumetric T2 sequences were accepted as they could
be reformatted to produce images similar to a stand-
ard T2 axial sequence.
All BOOST MRIs performed for the trial had a
standard radiology report produced, which, on re-
quest, was provided to the study participant at the
end of the trial. Except where necessitated by ima-
ging findings requiring urgent clinical action, re-
searchers other than the trial imaging team were
blinded to MRI study results.
MRI collection
Overall, 354MRI studieswere available at conclusion
of recruitment (80.8% of all participants). Of these
179 (50.6%) were pre-existing clinical MRIs and 175
(49.4%) were performed specifically for the purposes
of the trial.
Participants did not haveMRI studies included in
the study for the following reasons:
• 4 participants reporting a pre-existing MRI:
– 3 – No study at site reported by participant
– 1 – Private study unavailable for transfer
• 77 participants reporting no previous lumbar spine
MRI:




Table 3.1: Expected MRI parameters for BOOSTMRI studies
Sequence FOV Slice Gap TR TE ETL Phase Freq NEX
T2 sagittal 370 13/4 1 4061 102 23 320 512 3
T1 sagittal 370 13/4 1 446 11 3 224 416 3
T2 axial 200 30/4 1 4955 111 25 224 320 3
– 7 – Recruiting centre unable to provide MRI
– 1 – Unable to contact participant for trial MRI re-
ferral
Multiple BOOST participants reported having a
pre-existing clinical MRI study that subsequently
proved impossible to include. These participants gen-
erally misremembered where the study had been per-
formed, making transfer of the images impossible,
or were found to have a pre-existing study of the
wrong modality or body part. Where this occurred,
or the pre-existing lumbar spine MRI had been per-
formed greater than one year post recruitment, the
participant was generally offered a new MRI study
specifically for the purposes of the trial. This was
not possible in 10 participants, 6 of whom had MRI
studies older than the 1 year limit (range 378 to 485
days before recruitment) and 4 participants without
any pre-existing study. A decision was made to in-
clude the older MRI studies on the grounds that they
did not exceed the 1 year limit by a large enough time
period that a significant change in the patients ana-
tomy would be anticipated. In total, 77 participants
reported no previous MRI study but did not have a
MRI study for the purposes of the trial. The major-
ity of these participants either declined consent for an
MRI study or had contraindications toMRI scanning.
Themedian absolute time from recruitment to the
MRI study was 78 days; 86 days for those with a pre-
existing MRI study and 55 days for those having an
MRI study for the purposes of the trial. The overall
range of duration from recruitment to MRI study ex-
tended from 485 days from before recruitment (the
oldest of the 6 MRI studies mentioned above) to 678
days post recruitment (figure 3.1). Overall 28 parti-
cipants had an MRI more than one year after their
initial recruitment date, this mostly occurred due to
organisation difficulties in arranging the MRI study.
These delayed MRI studies were included, again on
the expectation that no significant change in the pa-
tients anatomy over the time periods involved is ex-
pected.
3.2.9 Study interventions
Experimental intervention: the BOOST program
A detailed description of the BOOST intervention for
older adults with neurogenic claudication has been
published by Ward et al. (2019).
The experimental intervention consisted of an in-
dividual assessment and home exercise prescription
followedby twelve 90minute group sessions conduc-
ted over a period of 12 weeks. The sessions begin
twice weekly, reducing in frequency over the course
of the program. In general one physiotherapist deliv-
ers each session to groups of six participants.
The format of each session is standardised, be-
ginning with an education section (30 minutes) fol-
lowed by an exercise section (60 minutes). The edu-
cation section covers behavioural change strategies
designed to increase adherence with the home exer-
cises. The exercise section startswithwarm-up seated
exercises (arm raises, knee lifts, trunk and pelvic rota-
tion) followed by a circuit of strengthening, stretch-
ing and balance exercises including sitting knee ex-
tension, sit to stand, standing hip abduction and
standing hip extension. The session closes with a
walking circuit targeting walking ability and fitness.
The exercises are tailed to each participant and pro-
gressed over the twelve sessions.
Participants are asked to complete their home ex-
ercise routine, prescribed in the initial session, at
least twice aweek. At the conclusion of the group ses-
sions the physiotherapist carries out two follow-up
telephone reviews with each participant to promote
ongoing compliance.
Control intervention: best practice advice
The comparator intervention for the BOOSTprogram
is best practice advice delivered by a physiotherapist,
as advised by a survey of current practice (Comer et
al. 2009).
Participants attend an initial appointment of up
to 1 hour consisting of an assessment followed by
advice, education and prescription of a home exer-
cise programme. The latter usually consists of flexion
and trunk stabilisation exercises but can also include
other exercises based on the participant’s assessment.
If required a walking aid may be prescribed. While a
single session is preferred, a maximum of two half-
hour review appointments is also permitted to review
advice, exercises and walking aid use as needed.
3.2.10 Planned sample size and data analysis
The required BOOST sample size was calculated at
402 participants. In order to provide an 80% power,
with 0.05 alpha, to detect a 5 point difference in ODI
(with standard deviation (SD) of 15) a sample of 321
participants was required. An additional 20% was
then added to account for potential participant loss
to follow-up by the conclusion of the trial.
The analysis of treatment effect will be done on
“intention to treat” principles. The primary outcome
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Figure 3.1: Histogram of BOOST participantMRI study timing relative to recruitment date. Red lines mark one year pre- and
post-recruitment.
will be analysed using a linear multi-variable regres-
sion, controlling for region, therapist effect and other
identified prognostic variables. A secondary analysis
will focus on the effect of adherence with interven-
tion.
Multiple a priori subgroup analyses of treatment
effect size were planned exploring the effect of age,
gender, frailty, pre-existing physical performance and
a set of MRI defined subgroups.
3.3 Imaging control group
Note: The full protocol for the recruitment of the imaging control group is included in Appendix C.2
An imaging control group without neurogenic
claudication symptoms was recruited prospectively
for comparison with the BOOST participants. The
original BOOST ethics approval did not include an
imaging control group. Additional research ethics
committee and health research authority approval
for this study was therefore sought and granted (REC
reference: 18/LO/1367).
Consecutive GP referrals to the University Hos-
pital Coventry and Warwickshire radiology depart-
ment for lumbar spine MRI for investigation of low
back pain were screened for eligibility for the ima-
ging control group through the clinical information
provided with the referral. Potentially suitable pa-
tients were mailed a invitation letter and participant
information sheet, along with their booking inform-
ation.
On arrival in the radiology department, patients
who indicated they would be willing to participate
in the research study underwent screening for eligib-
ility by a researcher. Those who answered the first
question from the BOOST definition of neurogenic
claudication as yes (i.e. those who reported a history
of pain, discomfort or dysaesthesia radiating from
the back into the buttocks or legs, see § 3.2.5) were
excluded. Such an approach will exclude some in-
dividuals who do not have neurogenic claudication,
including those with non-claudicant lower limb ra-
dicular pain, but was thought necessary as the defin-
ition of symptomatic lumbar stenosis specified by
the NASS definition of symptomatic LSS is not uni-
versally accepted and some practitioners consider ra-
dicular pain without claudication to form part of the
spectrum of the disease (see figure 2.3). The other in-
clusion and exclusion criteria for the control group
mirror those of the BOOST study to ensure the two
groups are otherwise comparable. Consistent with
this, all control participants were over 65 years of age.
Patientsmeeting the eligibility criteriawere asked
to givewritten informed consent for the study and an
MRI was performed, with protocol as that described
in § 3.2.8.
The initial aim was to recruit 150 control parti-
cipants (a 2 to 1 ratio with BOOST participants, as-
sumingMRIs would be available for 300 BOOST par-
ticipants at close of recruitment). This sample size,
with an alpha of 0.05, gives beyond a 80% power to
detect a difference of 10mm2 DS-CSAbetween symp-
tomatic and control groups, assuming a standard de-
viation of 40mm2, the latter estimated from the find-
ings of Hamanishi et al. (1994). The planned sample
size also gives beyond a 95% power to detect an area
of 0.6 under a receiver operator characteristic (ROC)
curve (Obuchowski 2005). The planned sample size
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was over-powered to aid a planned computer-vision
based analysis of the MRI data. No accepted way to
calculate required sample sizes for such an a approach
exists but larger samples are generally thought to im-
prove the chances of success.
Recruitment of low back pain participants
without NC to act as an imaging control group began
in October 2018. Recruitment closed in August 2019
after recruitment of 63 participants, falling short of
the original target sample size. During the recruit-
ment period a far higher than expected number of
potential participants screened were excluded due
to reporting leg pain in the previous 6 weeks, sub-
stantially slowing recruitment. A small number of
those screened (5 patients) declined participation.
No participant was excluded for any other inclusion
or exclusion criteria.
The decision to halt control recruitment short of
the targeted participant number was made due to
reaching the end of the funding period for the PhD
and the fact that a satisfactory predicted power had
been reached for the purposes of the case-control
study—63 control participants comparedwith a sub-
group of 273 BOOST participants would give an 80%
power to detect an area under the ROC curve of 0.6
with an type 1 error risk of 0.05.
3.4 Participant demographic data
The demographic data for both case and control
populations is presented in table 3.2. No signific-
ant difference between age, body mass index (BMI)
or gender distribution was identified between the
BOOST and imaging control group participants. The
mean height of BOOST participants was 3 cm shorter
than those of imaging controls (t-test, p= 0.01).
The ethnic makeup of the BOOST and imaging
control participant groups is shown in table 3.3. The
BOOST participant group was significantly different
to the imaging control group in terms of ethnicmake-
up (Chi-squared, p < 0.01) included a larger number
of ethnic groups (9 as opposed to 5) but an overall
higher number ofwhite British individuals compared
to the imaging control group.
No significant difference was demonstrated
between any demographic data collected when com-
paring BOOST participants where an MRI was avail-
able to those without anMRI study at the conclusion
of data collection. There was a significant differ-
ence in ethnicitymake-up of the BOOST participants
with a pre-existing clinical MRI study compared to
those having an MRI for the purposes of the trial
(Chi-squared, p = 0.01), with a lower percentage of
white British individuals in the group without pre-
existing imaging. No other collected demographic
data significantly between these groups.
There were multiple weak relationships between
demographic variables and clinical severity variables
in the BOOST participants — see figure 3.2. Age was
weaklynegatively correlatedwithboth total 6minute
walking distance (R = −0.14, p = 0.006) and the
SPPB score (R = −0.11, p = 0.03). BMI was posit-
ively correlated with the ODI (R = 0.20, p < 0.001)
and negatively correlatedwith total walking distance
(R = −0.24, p < 0.001), SPPB score (R = −0.25,
p < 0.001) and EQ-5D index (R = −0.12, p = 0.03).
BMI also significantly differed between STarT back
score classes (Kruskal-Wallis, p = 0.02) with signi-
ficantly higher mean BMI in medium and high risk
groups compared to the low risk group (Dunn’s test,
p = 0.01 for both comparisons). Similarly, height
was positively correlated with total walking distance
(R = 0.11, p = 0.04) and negatively correlated with
frailty (R = −0.12, p = 0.03).
Women had lower performance on the SPPB and
a higher level of frailty (TFI) compared to men (Man-
Whitney, p = 0.03 and p < 0.001 respectively). There
were no other significant differences in clinical sever-
ity variables between genders. Those BOOST parti-
cipants who had a pre-existing scan within the pre-
vious 12 months from recruitment unsurprisingly re-
ported significantly more severe neurological symp-
toms (i.e. Zurich claudication questionnaire neuro-
ischaemic domain (ZCQ NI), Man-Whitney, p =
0.005) compared to those who did not have a recent
MRI study available. No other differences in clinical
severity scores were identified between these groups.
Ethnicity was significantly related to frailty scores
(Kruskal-Wallis, p < 0.001), but no other clinical
severity variable.
3.5 MRI assessment
During the original design of the BOOST RCT,
3 MRI based measurements were pre-specified for
use as grouping variables for the planned sub-group
analysis of BOOST treatment effect: the dural-sac
cross-sectional area (DS-CSA), the lateral recess depth
(LRD) and the neural exit foramen diameter (NFD).
These measurements were chosen on the basis of
their common usage in the literature and their cover-
age of three main sites of potential cauda nerve root
impingement within the spinal canal.
Deciding what, if any, additional measurements
to perform on each of the collected MRI studies
was made difficult by the large number of measure-
ments of the lumbar canal described in the literat-
ure and the relative lack of available evidence to dis-
tinguish them based on their potential clinical relev-
ance (see § 2.1). It was decided to assess a range of
measurements for suitability starting with the meas-
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Figure 3.2: Scatter plots showing relationships between clinical severity scores and the age, BMI and height of participants.
Onset walking distance (WD) refers to the walking distance to symptom onset. Lines of best fit and their confidence intervals
are drawn for variables showing a significant Pearson’s correlation.
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Table 3.2: Demographic data for both imaging BOOST and imaging control participants. BOOST participants are further
broken down into those with and without MRI scans, and for those with an MRI scan, those having one for the purposes of
the trial vs a pre-existing clinical scan.
Mean Age Mean Height Mean BMI % Male % White
(years) (m) (kg/m2) British
Imaging Control Participants 73.90 1.68 30.42 53.97 85.71
All BOOST Participants 74.81 1.65 29.93 43.45 88.51
BOOST Participants without MRI 75.00 1.66 30.90 49.38 88.89
BOOST Participants with MRI 74.77 1.65 29.71 42.09 88.42
BOOST Participants with Trial MRI 74.82 1.65 29.86 39.77 93.18
BOOST Participants with Clinical MRI 74.71 1.64 29.56 44.38 83.71
P – BOOST vs Imaging Control 0.29 0.01 0.59 0.13 < 0.01
P – BOOST: MRI vs no MRI 0.77 0.41 0.06 0.27 0.32
P – BOOST: Clinical vs Trial MRI 0.85 0.59 0.56 0.40 0.01
Table 3.3: Comparison of the ethnic makeup of BOOST participant and imaging control groups.
Ethnicity BOOST Participants Imaging Controls
N. % N. %
Black or Black British 12 2.7 0 0.0
Indian 9 2.1 3 4.8
Mixed 3 0.7 0 0.0
Other 3 0.7 0 0.0
Other Asian 0 0.0 1 1.6
Pakistani 6 1.4 1 1.6
Prefer not to say 3 0.7 4 6.3
White British 385 87.9 54 85.7
White Other 15 3.4 0 0.0
urements suggested by Andreisek et al. (2014) as
core reporting criteria for LSS (described further in
§ 1.5.4) and iteratively adding and removing meas-
urements to deal with perceived shortcomings in
measurement reliability, coverage of relevant ana-
tomical structures and the overall time taken to as-
sess a single MRI spine. Where necessary, the origin-
ally described measurement technique was modified
to improve measurement performance, as described
in subsequent chapters which discuss the character-
istics of each measurement.
Four observers took part in this process, perform-
ing two rounds of measurement separated by several
month on a set of 22 MRI studies randomly selec-
ted from all the MRIs collected for both BOOST and
imaging control groups. The observers consisted of
a radiology registrar in the fifth year of training (the
thesis author), a neuroradiology fellow and two con-
sultant radiologists, one with a sub-speciality MSK
interest. Images were viewed using Horos, an open
source DICOM viewer (Project 2019).
Each observer was trained in performing the
measurements by example, followed by performing
a set of measurements under observation, with fur-
ther discussion as required. The measurements were
entered into an electronic form which also gave writ-
ten and illustrated guidance on how to perform each
measurement as it was performed. Individual meas-
urements that were markedly discrepant between ob-
servers were manually inspected, and where a clear
error in data entry has occurred, such as a misplaced
decimal point, the error was corrected before further
data analysis.
For each proposedmeasurement the inter-rater re-
liability was calculated using intra-class correlation
(ICC) for quantitativemeasurements and both Fleiss’
kappa statistic and percentage agreement scores for
qualitative measurements. For calculation of the
kappa statistic disagreements were weighted accord-
ing to their squared distance from perfect agreement.
Each statistic was calculated for each possible pair-
ing of observers and ameanwas calculated, weighted
by the number of shared measurements for each ob-
server pair.
In consideringwhether to include ameasurement
in the final data-set the inter-rater reliability, degree
of additional information provided by the measure-
ment compared to other measurements assessing the
same anatomical structure and ease of measurement
were considered.
The measurements selected for use on the full
MRI data-set are presented in tables 3.4 and 3.5.
These measurements were performed on all MRI
studies by a single observer (the thesis author) using
the same electronic form setup as was used in the ini-
tial measurement assessment phase. After a gap of
several months a group of 32 MRIs were reassessed
to allow calculation of intra-rater reliability.
MRI observers were blinded to imaging control or
BOOST participant group status, BOOST treatment
allocation and baseline symptoms. Imaging con-
trol vs BOOST participant blinding was achieved by
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Table 3.4: Quantitative MRI measurement reliability.
Variable Inter-rater ICC Intra-rater ICC
Dural-sac cross-sectional area (DS-CSA) 0.92 0.97
Lateral recess depth (LRD) 0.65 0.87
Neural exit foramen diameter (NFD) 0.50 0.67
AP canal diameter (APD) 0.49 0.85
Table 3.5: Qualitative MRI measurement reliability.
Variable Inter-rater Intra-rater
κ % agreement κ % agreement
Presence of Scoliosis 1.00 100.00 1.00 100.00
Spondylolisthesis Grade 0.76 96.30 0.80 94.90
Lee Grade 0.68 87.10 0.68 92.40
Presence of Disc Herniation 0.28 85.60 0.71 96.20
Schizas Grade 0.77 83.80 0.91 93.70
Bartynski Grade 0.70 71.00 0.82 73.10
automated assignment of new unique and random-
ised identificationnumbers to each study, withmodi-
fication of the DICOM headers to remove any po-
tentially identifying information other than the new
identification (ID). This automated assignment and
header modification was performed in blocks by a
custom script written in Python 3 and run by an in-
dividual independent of the research team. The key,
liking new study ID to BOOST or control group ID,
wasmade available to the thesis author at the comple-
tion of the grading processes to allow unblinded as-
sessment of the data. Blinding with regard to BOOST
treatment allocation was controlled by the central
BOOST research team with only the BOOST statist-
ician, who performed the main trial and subgroup
analysis, unblinded to treatment allocation.
3.6 Statistical analysis
All statistical analysis was performed in the R en-
vironment for statistical computing (R Core Team
2020).
In general, quantitative measurements were first
assessed for a normal distribution by inspection of
quantile-quantile plots and the Shapiro-Wilk test.
Statistical testing for for a difference in distribu-
tion between two groups was either performed by
t-test, where the distributions could be expected to
be normal, or by Man-Whitney U test, when a non-
parametric test was required. Similarly, for compar-
isonofmore than twodistributions, one-wayanalysis
of variance (ANOVA) or the non-parametric Kruskal-
Wallis one-way analysis of variance was used with
pair-wise t tests or Dunn’s test for analysis of specific
sample pairs respectively.
The statistical significance of the difference in
distribution of categorical variables between groups
was assessed using the Chi-squared test.
Assessment of correlation between pairs of quant-
itative variables is assessed by Pearson correlation co-
efficient and for groups of variables by multivariate
linear regression. R2 values are calculated to aid in-
terpretation where needed.
The ability of different measurements to separate
BOOST participants and the imaging control groups
was performed by ROC analysis. The area under the
curve (AUC) was calculated for each ROC curve with
comparison between AUCs by DeLong’s test. The
“best” threshold measurement for separation of the
two imaging groups for each analysed measurement
was found by finding the point on the ROC curve
with the greatest Yoiuden’s J statistic.
Where the statistical approach deviates from the
above it is explained alongside the presentation of
the relevant results. This is particularly the case
in Chapter 8 where multiple machine learning al-
gorithms were trained with the goal of separating
NC and LBP with greater accuracy than that possible
using single measurements of the canal explored in
earlier chapters. An explanation of machine learning
approaches in general, alongside the exact techniques




This chapter set out themethodology for for a dia-
gnostic cross-sectional study based upon data collec-
ted from participants of the BOOST RCT alongside a
separately recruited control group. Themethodology
relating to participant recruitment, clinical data col-
lection and MRI acquisition, and interpretation were
set out.
Minor differences were found in the demographic
factors between the two participant groups, sug-
gesting a degree of sampling error, and there were
alsoweak correlations between some clinical severity
scores and demographic factors. These relationships
should be borne in mind when interpreting results in
subsequent chapters.
The results from the cross-sectional study are






Note: as described in Chapter 3 BOOST participants were recruited on the basis of their presentation with neurogenic
claudication (NC) symptoms, while the imaging control group had non-specific lower back pain (LBP) without features
of NC or radiculopathy. To emphasise the difference in group symptomatology, these participant groups will be referred
to as NC and LBP groups respectively during this and subsequent chapters.
4.1 Measurement method and reliability
Dural-sac cross-sectional area (DS-CSA)
TheDS-CSAwas included in Andreisek’s core report-
ing criteria as a research use only measurement and
was the measurement of central canal stenosis pre-
specified for the BOOST sub-group analysis of treat-
ment effect.
MRI observers were asked to select the axial slice
for each lumbar spinal level that both clearly passed
through the posterior disc-annulus and showed the
most severe degree of dural sac narrowing. Where
there were several slices passing through the pos-
terior annuluswith a similar degree of narrowing, the
slice showing the minimal visible amount of verteb-
ral body and maximum coverage of the lamina by
the ligamentum flavum was selected — i.e. the slice
closest to the mid disc level. The dural-sac area was
then measured by drawing its borders using a closed
polygon tool provided byHoros (as per figure 1.5 I).
The inter- and intra-observer reliability of the
DS-CSA was excellent with ICC of 0.92 and 0.97 re-
spectively.
Inspection of MRI images from spinal levels
where measurements were markedly discrepant
between observers showed a number of common
themes. Typically such levels had larger amounts
of epidural fat visible that obscured the boundary
between dural sac and epidural fat due to its similar
signal intensity on T2 weighted sequences to CSF.
Axial T2 sequenceswere chosen over T1 for themeas-
urement, despite the latter’s better ability to demon-
strate the interface between epidural fat and CSF,
due to its much more common availability among
the collected MRI studies. Another common issue
occurred in severely stenotic levels where there was
minimal visible CSF or epidural fat, making separa-
tion of the dark compressed nerve roots within the
dural sac from the dark posterior disc annulus and
ligamentumflavum difficult. Despite these issues on
a small number of slices, the measurement reliability
remained excellent.
The distribution of DS-CSA measurements di-
verged significantly from a normal distribution
(Shapiro-Wilk W = 0.98, p < 0.001). The divergence
occurred at both the upper and lower tails of the dis-
tribution (see figure 4.1).
AP Canal Diameter (APD)
The APD was included as a measurement due to its
historical importance and potential use as a marker
of developmental canal size, as discussed in § 1.4.1. It
wasmeasured between the anterior cortex of the lam-
ina anteriorly to the posterior vertebral body cortex
on mid-sagittal T2 weighted images. The measure-
ment was made parallel to a line drawn through the
mid-vertebral body (see figure 1.4, measurement 10).
The inter-rater reliability of this measurement
methodwas found to bemoderatewith ICCof 0.49. It
showed a good intra-rater reliability with ICC of 0.85.
On discussion between observers, difficulties in
measurement contributing to the comparatively low
inter-rater reliability likely involved difficulties in
choice of mid-sagittal slice, particularly in studies
with a significant scoliosis and difficulty in determ-
ining the exact location of vertebral body and lamina
cortex given their close relationship to other struc-
tures (e.g./ the ligamentum flavum) which also ap-
pear dark on T2 weighted imaging. The basivertebral
vein occasionally caused difficulties by entering the
vertebral body in the plane of the measurement ob-
scuring the posterior vertebral body cortex.
The distribution of the APD measurements were
also found to be non-normal (Shapiro-Wilk W =
0.95, p < 0.001) with the divergence from normal-
ity occurring at the upper tail of the distribution (fig-
ure 4.1). In spondylolysis, bilateral breaks in the pars
interarticularis occur, whose aetiology is uncertain
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Figure 4.1: Quantile-quantile plots for APD (left) and DS-CSA (right) measurements. Points are coloured according to their
AP canal ratio that when raised strongly suggests the presence of isthmic spondylolisthesis. The AP canal ratio is calculated
by dividing the measured APD by the APD at L1.
(for a full discussion see Section 1.4.3). The bilateral
defect in the neural arch can allow the vertebral body
and/or posterior elements to translate relative to each
other. In some anterior vertebral body movement
predominates, leading to isthmic spondylolisthesis,
while in others the posterior elements may sublux
dorsally without an associated anterolisthesis, both
leading to anwidenedAP canal diameter at that level.
(Ulmer et al. 1995). While pars interarticularis defects
are typically difficult to visualise directly on stand-
ard lumbar spine MRIs, a widened APD greater than
25% that at L1 (a raised antero-to-posterior canal ratio
(APCR)) has been shown to have high diagnostic ac-
curacy for the presence of spondylolysis (Ulmer et al.
1994). Almost all the APD measurements diverging
from normal showed a APCR and manual inspection
of the images of these confirmed the presence of dir-
ectly visible pars interarticularis breaks.
The “Schizas” grade
The qualitative A-D grading system proposed by
Schizas et al. (2010) is included in Andreisek’s core
reporting criteria and is an attractive grading system
for central canal stenosis as it incorporates both the
volume of CSF around the nerve roots of the cauda
equina and the presence of effacement of epidural fat
— criteria judged of importance in the diagnosis of
anatomical LSS by practising clinicians (Mamisch et
al. 2012). The Schizas grade has been shown to be
more resistant to distortion of grade due to changing
axial slice angulation when compared to the DS-CSA
(Henderson et al. 2012).
Grading is performed on axial T2 images using
the following definitions: grade A — clear CSF vis-
ible around the cauda equina nerve roots, grade B
— individual nerve roots are visible but fill the en-
tire dural sac and the remaining visible CSF signal is
grainy, gradeC—individual nerve roots are no longer
visible and there is no observable CSF signal within
the dural sac, and grade D — as per grade C but with
complete effacement of the posterior epidural fat. Ex-
ample images are provided in figure 4.2. Grading was
performed on slices selected by the same methodo-
logy as described for the DS-CSA.
The inter-rater reliability was good with a κ of
0.77 (mean agreement between observers 83.2%). The
intra-rater reliability was excellent with κ of 0.91
(93.6% agreement between observations).
Discussion between observers and manual in-
spection of levels with markedly discrepant meas-
urements suggested discrepancies often occurred sec-
ondary to effect of CSF pulsation artefacts. The CSF
within the dural sac is known to flow with velocity
which varies with the cardiac cycle and increases at
segments with relative reductions of the dural-sac
cross-sectional area (Chun et al. 2017). Prominent
flow can cause reductions in CSF signal intensity on
T2 weighted images by movement of unexcited pro-
tons into the imaged slice at the time of signal acquis-
ition. This effect can cause confusion between grade
by obscuring the contrast between nerve roots and
CSF — see figure 4.3 — and was thought to be most
pronounced at levels close to the boundary between
A and B grades.
For the purpose of correlation analyses in the text
below the Schizas grades were converted to a linear
numeric scale (1 to 4) corresponding to the A to D
grades. This process also allowed a mean Schizas
grade to be found per participant.
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Figure 4.2: Schizas grade example images.
Figure 4.3: Examples of levels presenting difficulties when assessing Schizas grade. All images are 5mm axial slices from the
same patient and vertebral level, moving from the foraminal level on the left (A) inferiorly to the disc level on the right (C).
In A the nerve roots are clearly defined with clear CSF signal. Just above the disc (B) the CSF signal has become grainy with
poorer nerve root definition. In C the CSF signal has become very grainy with inhomogeneous flow void filling the central
aspect of the dural sac simulating the appearance of nerve roots filling the sac completely, but the cross-sectional area of the
sac shows minimal change from A to C. Should image C be graded as Schizas A or B?
4.2 Changing canal size with spinal level
There was a clear relationship between the
DS-CSA and spinal level, both when looking at all
measured levels (Kruskal-Wallis p < 0.001) but also
when looking purely at levels judged not to show
qualitative signs of stenosis (Schizas grade A only,
Kruskal-Wallis p < 0.001) — figure 4.4.
Themedian DS-CSA decreasedmoving inferiorly,
before increasing again at L5, consistent with the de-
scription of spinal canal size in Bogduk (2012). The
median DS-CSA reached its most narrow at L3 in
levels without qualitative features of stenosis and at
L4 when considering all measured levels (represent-
ing L4 as the most common site of stenosis, as ex-
plored below).
Similarly, the APD also showed a relationship
with spinal level, again both when considering all
measured levels (Kruskal-Wallis p < 0.001) and for
only levels judged as not showing qualitative signs of
stenosis (Kruskal-Wallis p < 0.001). The smallestme-
dian APDwas found at L3 (figure 4.4) in both groups.
Anatomical lumbar canal stenosis, as defined us-
ing the commonly used threshold DS-CSA measure-
ments of 100mm2 and 75mm2, wasmost common at
the L4 level and relatively less common at L5 and L1
(table 4.1). These findings were matched by the dis-
tribution of Schizas grades, where almost all grades
C and D were seen between L2 and L4. In contrast,
almost no APD measurements met Verbiest’s defini-
tions for relative or absolute stenosis.
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Figure 4.4: Relationship between quantitative measurements of the central spinal canal and spinal level. The plots are
divided into those showing data from all performed measurements, and those only from spinal levels judged not to show
qualitative signs of central canal stenosis (Schizas grade A).
4.3 Relationship between measurements
There was a moderate correlation between the
measured APD and DS-CSA for the same spinal level,
with a Pearson’s correlation co-efficient of 0.52 (fig-
ure 4.5), suggesting the variability in the APD ex-
plained around 27% of the variability in the DS-CSA.
There was a strong relationship between Schizas
grade and DS-CSA at the same spinal level, with
a negative Pearson correlation of 0.61 (p < 0.001)
between the variables. Similar to the original data
presented by Schizas et al. (2010), there was con-
siderable overlap in DS-CSA ranges between grades.
A negative trend in median DS-CSA measurements
moving from superior to inferior levels was observed
at levels graded as B or above (figure 4.6).
In contrast, the relationship between the Schizas
grade and the APD was less pronounced — while the
Pearson’s correlation between these variables was -
0.23, this was likely secondary to prominent upper
outliers for levels graded as Schizas A — no clear
visual trend was present when considering the me-
dian or quartile values for the APD between Schizas
grades (figure 4.6).
A multivariate regression model, with Schizas
grade as the dependent variable and DS-CSA and
spinal level as independent variables, had an R2 of
0.40, suggesting these variation in these variables to-
gether account for around40%of the variability in the
Schizas grade. Residual sources of variability in the
DS-CSA between grades likely include slice angula-
tion relative to the dural-sac, measurement error and
degree of CSF pulsation artefact present on the scan.
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Table 4.1: The distribution of central stenosis by spinal level using varying definitions of stenosis. Values provided are per-
centages of all measurements at that spinal level.
Spinal Level DS-CSA APD Schizas
< 100 mm 2 (%) < 75 mm2 (%) < 12 mm (%) < 10 mm (%) > Grade C
L1 3.63 0.00 0.00 0.00 3.11
L2 21.86 10.04 0.24 0.24 15.77
L3 33.74 18.69 0.72 0.00 17.23
L4 46.99 32.77 0.24 0.00 27.23
L5 19.12 9.07 1.21 0.00 1.22
Figure 4.5: The relationship between the APD and DS-CSA measurements at the same spinal level.
4.4 Relationship to demographic variables
The relationships between demographic variables
and the measurements of the central canal is illus-
trated in figures 4.7, 4.8 and 4.9.
Aweaknegative Pearson’s correlationwas present
between the participants age and their minimum
DS-CSA (R = −0.16, p = 0.001) but there was no
corresponding significant correlation with the mean
DS-CSA per participant. Interestingly, the correla-
tion betweenminimumDS-CSA and agewas stronger
when considering only NC participants (R = −0.18,
p < 0.001) but was insignificant for LBP participants.
Age also showed a weak positive correlation with the
maximum Schizas grade per participant (R = 0.18,
p < 0.001), with mean age increasing from 73.7 years
in those with a maximum Schizas grade of A to 76.9
years in those with a maximum Schizas grade of D.
Similarly, the mean Schizas grade was also weakly
positively correlated with age (R = 0.15, p = 0.002).
No significant correlation between age and mean or
minimum APD was identified.
An increasing BMI was weakly associated with
a reduction in mean DS-CSA (R = −0.118, p =
0.016) but there was no significant correlation with
the minimum DS-CSA. Similarly, BMI weakly cor-
related with the mean Schizas grade (R = 0.13, p =
0.007) but notwith themaximumSchizas grade. Both
mean and minimum APD per participant showed no
relationship with participant BMI.
Height was weakly positively correlated with
mean DS-CSA (R = 0.10, p = 0.04), but there was
again no significant correlation with the minimum
DS-CSA. Height did positively correlate with both
mean (R = 0.13, p = 0.01) and minimum APD (R =
0.10, p = 0.04). No correlation between the mean or
maximum Schizas grade and height was found.
No significant difference in any measurements of
the central canal was identified between gender or
ethnicity groups.
The mean Schizas grade was significantly smal-
ler in individuals with NCwho had a preexistingMRI
study compared to the those who had aMRI specific-
ally for the purposes of the trial — 1.38 (confidence
interval (CI): 1.32 – 1.45) vs 1.48 (CI: 1.41 — 1.54,
Man-Whitney, p < 0.03). There was no significant
difference in themean orminimumDS-CSA;mean or




Figure 4.6: The relationship between the Schizas grade and the DS-CSA and APDmeasurements at the same spinal level.
4.5 Differences between NC and LBP imaging groups
Significant differences between the distributions
of both the mean and minimum DS-CSA per parti-
cipant were identified between NC and LBP groups
(table 4.2, figures 4.10). NC participants had an smal-
ler minimum lumbar canal DS-CSA by an average
of 36.3 mm2 and a smaller mean DS-CSA across all
measured spinal levels by 29.8mm2. Despite this, the
degree of overlap in distributions meant the DS-CSA
measurements did not clearly distinguish between
NC and LBP groups, with AUC values of 0.73 and
0.69 for the minimum and mean DS-CSA respect-
ively. The difference between minimum and mean
DS-CSA AUC values was not statistically significant
(figure 4.13).
The Youden’s J statistic was used to find the op-
timum diagnostic thresholds (minimising false pos-
itives and false negatives) for the both the min-
imum and mean DS-CSA based on their respective
ROC curves (table 4.3). The optimum minimum
DS-CSA thresholdwas calculated as 91.5mm2, sitting
between the 75 and 100 mm2 thresholds commonly
used in the literature and giving a sensitivity of 63.7%
and specificity of 73.0%.
Significantly lower mean and minimum APD
measurements per participant were identified in the
NC group compared to the LBP group, but the abso-
lute difference in measurements between groups was
small with pronounced overlap of the distribution of
measurements. The minimum APD per participant
was on average 0.7 mm smaller in NC participants
compared to LBP groups.
The area under the ROC curve was 0.63 and 0.62
for the mean and minimum APD respectively, again
indicating themeasurement didnot effectively separ-
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Figure 4.7: Correlation analyses between the DS-CSA and participant age, BMI and height.
Table 4.2: Comparison of mean and minimum DS-CSA and APD and mean Schizas grade (considered as a 1 – 4 point scale)
between NC and LBP participants. CI — 95% confidence interval. p values given are Man-Whitney U-test results.
Variable NC Participant LBP Participant p ROC Analysis
Mean CI Mean CI AUC CI
Mean APD 17.4 17.2 – 17.6 18.3 17.8 – 18.7 < 0.001 0.63 0.56 – 0.70
Minimum APD 15.7 15.5 – 15.9 16.4 15.9 – 16.9 < 0.003 0.62 0.54 – 0.69
Mean DS-CSA 134.2 129.9 – 138.5 164.0 152.6 – 175.3 < 0.001 0.69 0.62 – 0.76
Minimum DS-CSA 83.8 79.2 – 88.5 120.1 109.1 – 131.1 < 0.001 0.73 0.67 – 0.79
Mean Schizas grade 1.43 1.39 – 1.48 1.13 1.07 – 1.18 < 0.001 0.71 0.66 – 0.76
ateNC and LBP groups. TheseAUCvalueswere signi-
ficantly smaller than theminimumDS-CSA (DeLong,
p = 0.05 and p = 0.03 respectively) but were not sig-
nificantly smaller than the mean DS-CSA.
The optimum APD threshold for separating the
two imaging groups was 17.1 mm, which has an ac-
curacy of 73.6% but a specificity of only 39.7%. As
noted above, very few participants met Verbiest’s cri-
teria for relative andabsolute stenosis andhence their
accuracy for separating the groups was poor.
The distribution of maximum Schizas grades
was significantly different between the NC and LBP
groups (Chi-squared, p < 0.01)withmore gradeC and
D scores and fewer Grade A scores in the NC group
(figure 4.12). The AUC for the maximum Schizas
grade per participant was 0.70 (CI: 0.65 – 0.76), with
no significant improvement compared to the mean
or minimum DS-CSA AUC. The optimum threshold
for the maximum Schizas grades was found to be
B or above, which had a sensitivity of 73.0% and
specificity of 62.1% for the presence of neurogenic
claudication.
The mean Schizas grade was significantly smal-
ler in the NC group (Man-Whitney, p < 0.001) with
AUC of 0.71. This AUC was not significantly differ-
ent compared to the maximum Schizas AUC. Inter-
estingly, the ROC curve for the mean Schizas grade
showed relative asymmetry favouring specificity (see
figure 4.14). Its optimum cutoff (1.45) gave a spe-
cificity of 90.5%, with associated sensitivity of 46.4%
and accuracy of 53%.
In order to investigate the potential role of multi-
level stenosis in neurogenic claudication, the num-
ber of spinal levels per participant meeting various
definitions of central stenosis were counted and ROC
curves were produced (figure 4.15). No assessed
threshold for counting stenotic levels had a signific-
antly higher AUC compared to the ROC curves for
minimum DS-CSA or maximum Schizas grade.
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Figure 4.8: Correlation analyses between the APD and participant age, BMI and height.
Table 4.3: Various thresholdmeasurements and their sensitivity and specificity for distinguishing between NC and LBP par-
ticipant groups. Those measurements marked optimum are the point on the ROC curve with maximum Youden’s J statistic.
Measurement Threshold Sensitivity (%) Specificity (%)
Minimum DS-CSA 91.5 mm2 (Optimum) 63.7 73.0
75.0 mm2 52.9 84.1
100.0 mm2 66.9 61.9
Mean DS-CSA 135.2 mm2 (Optimum) 56.9 76.2
Minimum APD 17.1 mm (Optimum) 79.7 39.7
12.0 mm 2.5 98.4
10.0 mm 0.0 98.4
Mean APD 18.7 mm (Optimum) 78.2 44.4
Maximum Schizas Grade B (Optimum) 73.0 62.1
Grade C 48.4 85.7
4.6 Relationship to symptom severity in BOOST participants
Within theNCgroup (i.e. BOOSTparticipants) bi-
variate correlation analyses were performed between
the mean and minimum DS-CSA and APD per parti-
cipant and the clinical severity scores detailed in Sec-
tion 3.2.7. No statistically significant correlation was
identified between any variable pair (figure 4.16).
No significant difference existed in any clinical
severity score between participants grouped by their
maximum Schizas grade. Similarly, no relationship
between the mean Schizas grade per participant and
clinical severity was identified.
No significant correlation existed between any
clinical severity score and the number of levels of
central canal stenosis using any of the previously dis-




The grading system proposed by Lurie et al. (2008a)
is a formalisation of the normal, mild, moderate or
severe stenosis descriptions common to general radi-
ology reports. Lurie suggested guidelines of narrow-
ing of less than one third the normal size asmild, one
third to two thirds as moderate, and greater than two
66
The Central Canal
Figure 4.9: Correlation analyses between the mean and maximum Schizas grade per participant (converted to a numeric
scale) and participant age, BMI and height. Horizontal jitter has been added to points to reduce overlap.
Figure 4.10: DS-CSA measurements. Vertical lines represent mean values.
thirds narrowing as severe stenosis, as judged by the
assessor without further definition of normal. The
grading system was included in Andreisek’s core re-
porting criteria as a system for measuring both cent-
ral and neural exit-foramen narrowing. Lurie repor-
ted inter-rater κ of 0.73 in his original description of
the grading system. In contrast, on the first round
ofmeasurement assessmentwe found an inter-rater κ
of 0.29 (68% inter-rater agreement). While observers
tended to agree on normal levels, there was wide dis-
parity in grading of levels considered stenotic. Due
to this poor performance, no further evaluation of
Lurie’s grading system for central stenosis was per-
formed.
The sedimentation sign
The sedimentation sign, proposed by Barz et al.
(2010), aims to identify potentially clinically signific-
ant central canal stenosis by the effect of the stenosis
on the distribution of cauda equina nerve roots above
and below the level of stenosis. In the normal canal
the nerve roots sediment dependently, whereas pres-
ence of a stenotic level may prevent this by fixing the
entrapped nerve roots within the central aspect of the
canal. The sedimentation sign is considered positive
if on any axial slice at a spinal level above or below the
stenotic level any nerve root (other than the transit-
ing nerve root pair) is within the non-dependent half
of the dural sac. Barz reported a inter-observer κ of
0.93, in contrast we found an inter-rater κ of 0.49
in the first round of measurement assessment (74.7%
inter-rater agreement). Discussion between observ-
ers suggested difficulty in judgement of which slices
to include and consistent decisions with regards to
nerve roots close to the boundary. No further assess-
ment of the sedimentation sign was performed.
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Figure 4.11: APDmeasurements. Vertical lines represent mean values.
Figure 4.12: Schizas grades
4.8 Chapter summary
Three measurements of central canal narrow-
ing were assessed, the dural-sac cross-sectional area
(DS-CSA), antero-to-posterior canal diameter (APD)
and the Shizas grade; the former two quantitative
measurements of different parts of canal anatomy
and the latter a qualitative grading system assessing
the degree of entrapment of the cauda equina nerve
roots. All three showed good reliability.
The size of the spinal canal followed that de-
scribed by Bogduk (2012), progressively reducing
moving inferior to a minimum at L4/L5 before in-
creasing at L5/S1. Central canal stenosis, as defined
using threshold levels of narrowing commonly used
in the literature, was most common at L4/5 and seen
rarely at L1/2 and L5/S1. As expected, the APD and
DS-CSA and Schizas grade were closely related but
did not fully explain each others full variability.
There was a negative relationship between NC
participant’s age and minimum canal size at the disc
level as measured by the DS-CSA and Schizas grade,
suggesting that canal narrowing progresses with age.
The fact that mean DS-CSA did not vary with age
raises the possibility that progressive stenosis may
only occur at levels at some threshold level of degen-
eration, consistent with the previously explored hy-
pothesis that a single event (perhaps minor trauma)
begins a cascade of degeneration that may affect one
level and spare others (see Section 1.4.3). Also as ex-
pected, the APDwas invariant with age but positively
correlated with height, consistent with its suggested
role as a marker of developmental canal growth. In-
creasing BMI was weakly associated with an average
reduction in canal diameter at the disc level but not
related to the minimum DS-CSA per spine.
The canal was smaller in terms of all three meas-
urements, both at theminimum size per spine and on
average across the whole lumbar spine, in neurogenic
claudication participants compared to the LBP con-
trol group. Despite this, the measurements showed
only moderate ability to separate the two participant
groups due to the substantial overlap between meas-
urement distributions. The number of stenotic levels
also had moderate discriminative ability and there
was no relationship between central canal narrowing




Figure 4.13: ROC analysis investigating the ability of the measurement of the most stenotic level per spine to predict NC or
LBP group membership.
Figure 4.14: ROC analysis investigating the ability of mean DS-CSA, APD and Schizas measurements per spine to predict
NC or LBP group membership.
Figure 4.15: ROC analysis investigating the ability of the number of stenotic levels per spine (using varying definitions of
stenosis) to predict NC or LBP group membership.
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Figure 4.16: Scatter plots showing relationships between clinical severity scores and the mean and minimum DS-CSA and
APD per participant. Onset WD refers to the walking distance to symptom onset. No significant correlation was identified




5.1 Measurement method and reliability
Lateral recess depth (LRD)
The LRD was a measurement pre-specified for use in
the BOOST MRI based sub-group analysis of treat-
ment effect and was included as a research measure-
ment in Andreisek’s core reporting criteria.
As discussed in § 1.3.3, the LRD was originally
described as a measurement taken at the pedicular
level across the outer aspect of the bony lateral re-
cess — from the medial aspect of the superior artic-
ular facet anteriorly in the sagittal plane to the pos-
terior vertebral body cortex (figure 1.4, measurement
8). For the purposes of this thesis it was decided to
alter this measurement to be measured at the disc
levelwith the following technique: a digital rulerwas
used to measure between the facet joint capsule/lig-
amentum flavum immediately anterior to the most
medial aspect of the superior articular facet anteri-
orly in the sagittal plane to the posterior disc annu-
lus. The measurement was made on axial T2 images
at the disc level, on the slice with the most signi-
ficant degree of dural-sac narrowing. Given its ana-
tomical relations, this disc-level LRD would be ex-
pected to decrease with both increasing apophyseal
joint/ligamentum flavum hypertrophy and increas-
ing disc bulge/protrusion and so more closely relate
to the risk of transiting nerve-root entrapmentwithin
the ligamentous portion of the lateral recess.
A similar disc-level version of the LRD was de-
scribed by Chung et al. (2000) — the sub-articular
sagittal diameter of the canal (SSDC), discussed fur-
ther in § 5.7. The disc-level LRD described above dif-
fers fromtheSSDCbybeingfixedat themedial border
of the ligamentous portion of the lateral recess, rather
than moving relative to the borders of the lateral re-
cess depending upon the morphology of the super-
ior articular facet (which varies across different spinal
levels — figure 5.1).
The LRD was found to have an good inter-rater
ICC of 0.65 and, when applied to the full MRI data-
set, an intra-rater ICCof 0.87. Discussionbetweenob-
servers suggested the measurement became difficult
to use when the medial end of the apophyseal joint
line became obscured by osteophytosis and when the
degree of hypertrophy or disc bulge made the lateral
recess very small. In the latter case observers ten-
ded to measure the LRD as 0 mm, creating a relative
paucity of very small measurements not equal to 0.
This effect can be seen in the various graphs demon-
strating the distribution of LRD measurements be-
low.
The LRD was not normally distributed (Shapiro-
Wilk, W = 0.97, p < 0.001), with sharp devi-
ation fromnormal at the lower end of the distribution
where measurements became 0 mm (figure 5.2).
The “Bartynski” grade
The qualitative grading system proposed by Bartyn-
ski et al. (2003) aims to assess for entrapment of the
transiting nerve roots within the lateral recess and is
included in Andreisek’s core reporting criteria. The
grading system defines 4 grades and is judged on
axial T2 weighted images at the mid-disc level: 0
— normal lateral recess; 1 — reduced size of the lat-
eral recess with trefoil shape; 2 — reduced size of the
lateral recess with the transiting nerve root judged
compressed, but without complete obliteration of the
recess; 3 — no CSF or space visualised in the lat-
eral recess and compression of the transiting nerve
root. The original description also includes a state-
ment that for grades 2 and 3 the nerve root may be
displaced medially of its normal position, though it
is unclear if this is in addition to, or in place of, any
nerve root compression. Examples of different grades
are provided in figure 5.3
During initial testing of the grading system the
inter-rater κ was found to be 0.61 (58.0% agreement).
Discussion between observers suggested difficulties
regarding interpretation of the role of nerve root dis-
placement. For instance, in many cases the lateral re-
cess as defined by the position of the superior artic-
ular facet, would appear completely effaced but the
transiting nerve root could clearly be identified run-
ning medially within the canal without compression
(figure 5.4), not clearly fitting into grades 1 or 3. Fur-
ther difficulties were noted in the subjective nature
of the boundary between grade 0 and grade 1.
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Figure 5.1: Demonstration of disc-level LRDand SSDCmeasurement techniques both at spinal levelswith themore coronally
orientated articular facets typical of lower lumbar levels (panel A) compared to themore sagittal facet orientationmore typical
at upper lumbar levels (panel B). The LRD is shown in dark green and is measured anterior to the medial most aspect of the
superior articular facet (marked by the green dotted line). The SSDC is measured anteriorly from the ligamentous covering
of the most anterior aspect of the superior articular facet, typically lying more lateral to the LRD measurement. Note that in
panel B the lateral aspect of the dural sac lies medial to both measurements as the canal and the dural sac has a more ovid,
rather than trefoil cross-section. In fact, some authors consider there to be no true lateral recess in the upper lumbar spine
where the canal has this morphology (Wilmink 2010b).
Figure 5.2: Quantile-Quantile plot of LRDmeasurements.
In a second round of testing the grading system
was modified to exclude the statement about nerve
root displacement and the intra-rater κ increased to
0.70 (71% agreement). On application to the full data-
set this method gave an intra-rater κ of 0.82 (73 %
agreement).
For the purposes of correlation analyses in the text
bellow the Bartynski grades were converted to a 4
point linear numeric scale.
Disc herniation
Measuring the presence and effect of disc herniations
proved difficult. Initial attempts to capture this in-
formation used a multi-point grading system which
measured both the presence, site and degree of nerve
root compression if present at each level. Unfor-
tunately inter-rater reliability scores for this system
were very poor, and its grading added substantially
to the amount of time required for each study.
The initial grading system was replaced by a
single question relating to whether a protrusion/ex-
trusion was both present, as defined by the lumbar
disc nomenclature (version 2, Fardon et al. 2014), and
was causing compression or displacement of a cauda
equina nerve root. The question was answered for
each level at which axial images were available. The
inter-observer κ score was poor (0.28) but with good
percentage agreement (85.6%). In contrast the intra-
observer reliability was good with κ of 0.71 (96.2%
agreement).
Manual inspection of discrepancies suggested
that while observers generally agreed about normal
levels, smaller/borderline disc protrusionswere often
picked up by only 1 or 2 observers, disproportionately
affecting the κ score.
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Figure 5.3: Illustration of the Bartynski grading scheme of lateral recess nerve root entrapment. Each diagram shows a dural-
sac in cross-section with its associated nerve roots. From 0 to 3 there is progressive stenosis of the left lateral recess. 0 —
the lateral recess is normal; 1 — the left lateral recesses has taken on a trefoil shape but there is no indication that the left
transiting nerve root is compressed. 2 — there is loss of CSF space around the left transiting nerve root which has become
flattened due to the compression. CSF space remains visible lateral to the nerve root; 3 — the left lateral recess is obliterated
with the transiting nerve root flattened and with no clear space lateral to it.
Figure 5.4: Both left and right nerve roots are medially placed relative to the superior articular facet without evidence of
compression. Despite this left lateral recess depth is 0 mm.
5.2 Changing lateral recess size with spinal level
The LRD had a relationship with spinal level,
both when considering all measured levels (Kruskal-
Wallis, p < 0.001) and those without qualitative fea-
tures of stenosis (Bartynski grade 0, Kruskal-Wallis,
p < 0.001). The median LRD progressively decreased
between L1 and L4 before increasing again at L5 (see
figure 5.5). This is consistent with the increasing
antero-lateral displacement of the apophyseal joints
moving inferiorly through the lumbar spine (Bogduk
2012).
A lateral recess depth of 3 mm is commonly used
in the literature as a threshold below which the lat-
eral recess is considered stenotic (Steurer et al. 2011).
Using this definition, 55.6% of all measured lateral re-
cesses showed anatomical stenosis. Similarly 53% of
allmeasured levelswere judgedqualitatively tobe ab-
normally narrowed (Bartynski grade of 1 or greater)
with 25% showing qualitative features of transiting
nerve root compression (Bartynski grade 2 or greater).
Lateral recess stenosis, by both the qualitative
and quantitative definitions above, was most com-
mon at L4 and L3, and relatively rarer at L1 (see
table 5.1). Recesses with qualitative evidence of
transiting nerve root compression were similarly dis-
tributed but showed a relatively lower incidence at
L5 than would be expected given the incidence of re-
cesses judged stenotic at that level according to the 3
mm LRD threshold. This latter finding may well rep-
resent the relatively lateral positioningof the superior
articular facet at this level compared to the dural sac
and transiting nerve root.
Overall 32.9% of all MRIs showed a significant
disc herniation (a protrusion or extrusion that causes
deviation or compression of a nerve root) affecting
at least one visualised level. Significant protrusions
were most common at the L5 and L4 levels (where
19.7% and 10.6% of visualised levels showed signific-
ant protrusions respectively).
5.3 Relationship between measurements
Therewas amediumnegative correlationbetween
the Bartynski grade and the lateral recess depth: R =
−0.64, implying the LRD explains 41% of the variabil-
ity in the grading (p < 0.001, figure 5.6).
Across all assessed lateral recesses there were 18
LRD measurements of 0 mm where the Bartynski
grade had been assessed as 0 (i.e. no lateral recess
narrowing). Manual inspection of the MRI images
for the spinal levels involved suggested that this data
largely represented grading errors — these levels had
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Figure 5.5: The relationship between LRD and the spinal level, both for all measured levels and for those not showing qual-
itative features of stenosis (Bartynski grade 0).
Table 5.1: Distribution of lateral recess stenosis by spinal level set using varying definitions of stenosis.
Spinal Level LRD< 3 mm (%) Bartynski Grade> 0 (%) Bartynski Grade> 1 (%)
L1 18.1 26.4 7.4
L2 43.0 49.6 19.3
L3 61.1 61.3 26.3
L4 77.9 73.9 42.9
L5 53.8 42.2 17.9
a dural sac whose lateral margin lied medial to the
bony/ligamentous boundaries of the lateral recess
avoiding compression despite the lateral recess nar-
rowing, and should have been graded Bartynski 1.
This ability of the transiting nerve root and/or dural
sac to lie outside the lateral recess also explains the
presence of 0 mm LRD measurements in the Bartyn-
ski Grade 1 category.
A ROC analysis was performed to assess the abil-
ity of the LRD to predict qualitative features of nerve
root compression (figure 5.7). The commonly used 3
mm LRD definition of lateral recess stenosis was as-
sociated with a 95.9% sensitivity and 57.8% specificity
for qualitative features of nerve root compression (i.e.
BartynskiGrades 2 and3). In contrast Youden’s J stat-
istic suggested an optimal LRD threshold of 2.0 mm,
(minimising false positives and false negatives) with
sensitivity of 81.8% and specificity of 77.4%.
Perhaps unsurprisingly, given the same degener-
ative processes contribute to both lateral and central
canal narrowing, the LRDwas closely related tomeas-
ures of central canal stenosis at the same level. The
LRD was strongly positively correlated with DS-CSA
in amanner dependent upon the spinal level: moving
inferiorly therewas a decrease in both strength of cor-
relation and the gradient of the line of best fit (0.25
at L1/2 to 0.16 at L5/S1) — figure 5.8. The relation-
ship between the LRD and APDwas weaker than that
found for the DS-CSA and less effected by the spinal
level (figure 5.9), again consistent with the APD be-
ing relatively unaffected by age related degeneration
at the azygous joint/disk level.
The Bartynski grade was moderately positively
correlated with the Schizas grade (R = 0.68, p <
0.001, figure 5.10) and there was an odds ratio of 63.9
(95% CI 45.6 – 89.4, p < 0.001) between the probab-
ilities of central nerve root entrapment (i.e. a schizas
grade > B) and transiting nerve root impingement at
the same level (i.e. a Bartynski grade > 1).
As expected, the presence of a significant disc her-
niation was associated with smaller lateral recess dia-
meters (Man-Whitney U, p < 0.001), DS-CSAs (Man-
Whitney U, p < 0.001) and with higher Bartynski
grades (Chi-squared p < 0.001). Herniations did not
have any significant affect on the Schizas grade (sug-
gesting that the majority were not large enough to
significantly compress the central dural-sac) and, as




Figure 5.6: The relationship between lateral depth measurements and Bartynski grades of nerve root entrapment in the lat-
eral recess.
Figure 5.7: ROC analysis — the ability of the LRD to predict a Bartynski grade of 2 or above.
5.4 Relationship to demographic variables
The relationships between demographic variables
and the LRDandBartynski grade are demonstrated in
figures 5.11 and 5.12 respectively.
There was a weak negative correlation between
theparticipant age andminimumLRDper participant
(R = −0.15, p = 0.002) and weak positive correla-
tions with both the maximum and mean Bartynski
grades per participant (R = 0.16 and R = 0.13 re-
spectively, p < 0.01). Similar to the findings seen
with the DS-CSA the relationship between the age
and minimum LRD was stronger in patients with NC
(R = −0.18, p < 0.001) but insignificant for control
participants. No significant correlation was identi-
fied between participant age and mean lateral depth.
Participant height had aweaknegative correlation
with both mean and minimum LRD (R = −0.22 and
R = −0.12 respectively, p < 0.02). No significant
correlationwas identified between participant height
and the mean or maximum Bartynski grade.
No significant correlation between participant
BMI and either the mean or minimum LRD or mean
or maximum Bartynski grade was identified.
Both the minimum and mean lateral recess depth
per participant means were smaller in men compared
to women (see table 5.3, p < 0.001 for both). Simil-
arly the mean of the mean Bartynski grade per parti-
cipant was larger in men compared to women (p =
0.018). In contrast, no significant difference in the
distribution of maximum Bartynski grades were seen
between gender groups.
No significant difference in any lateral recess
measurement was seen between ethnicity groups.
There was no significant difference in age, BMI or
height between participants with and without a sig-
nificant disc herniation and no correlation between
age, BMI and height and the number of disc herni-
ations per participant. There was no significant dif-
ference in gender or ethnicity distribution between
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Figure 5.8: Scatter plots of lateral recess depth compared to the DS-CSA.
Figure 5.9: Scatter plots of lateral recess depth compared to the APD.
those with and without a significant disc herniation
and no significant difference in the distribution of
the number of herniations per participant between
gender and ethnicity groups.
Among participants with NC (recruited as part of
the BOOST trial), the distribution of max Bartynski
grades per participant differed between those with a
preexisting clinical MRI scan compared to those un-
dergoing a MRI specifically for the purposes of the
trial (Chi-Squared, p = 0.02) with a higher percentage
of the preexisting clinical scan group having Grade 3
maximum scores (65.0% vs 50%). Therewere no signi-
ficant differences in the LRD mean or minimum per
participant, the mean Bartynski per participant, or
the presence of significant disc herniations, between
those NC participants with and without a preexisting
clinical scan.
5.5 Differences between NC and LBP imaging groups
Both the minimum and mean lateral recess depth
per participant was smaller in the NC participants
compared to the LBP participants (see table 5.4 and
figures 5.13 and 5.14). There was however substan-
tial overlap in the distributions of the measurements
comparing the two participant groups and this resul-
ted in a poor ability to distinguish NC from LBP par-
ticipants based on these measurements, with AUCs
of 0.66 and 0.63 for the minimum and mean LRD re-
spectively (figure 5.17). The difference in AUC values
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Figure 5.10: The relationship between Bartynski grade and Schizas grade at the same spinal level.
Table 5.2: The effect of the presence of significant disc herniations on measurements of the central canal and
lateral recess
Variables Disc Herniation Present Disc Herniation Absent P Value
Mean CI Mean CI
LRD (mm) 2.00 1.91 – 2.08 2.90 2.84 – 2.96 < 0.001
DS-CSA (mm2) 120.49 117.59 – 123.39 141.33 139.34 – 143.32 < 0.001
APD (mm) 17.26 17.13 – 17.38 17.50 17.42 – 17.58 0.074
for the mean andminimum LRD curves was not stat-
istically significant.
Higher mean and maximum Bartynski grades per
participant were found in the NC participants. The
mode for maximum Bartynski grade per participant
was 3 in NC participants, compared to 1 in LBP par-
ticipants (see figure 5.16, Chi-Squared p < 0.001).
Again, due to distribution overlap, the Bartynski
grade had only amoderate ability to separateNC from
LBP participants with AUCs of 0.77 and 0.74 for the
mean and maximum grade per participant respect-
ively (figure 5.17). The AUC values for the mean and
maximumBartynski gradedidnot differ significantly
but were both significantly higher than the AUC val-
ues for the minimum and mean LRD measurements
(Dunn’s test, p <= 0.01 for all comparisons).
The performance of different diagnostic
thresholds of the lateral recess measurements are
demonstrated in table 5.5. The optimum threshold
for each measurement was found by Youden’s J
statistic and was 0.6 mm for the minimum LRD
and Grade 3 for the Bartynski grading system. The
optimum thresholds generally had moderate spe-
cificity’s but poor sensitivities. In contrast, the 3
mm LRD threshold commonly used in the literature
to define lateral recess stenosis had a high sensitivity
for NC symptoms but very poor specificity. Simil-
arly, the presence of qualitative features of nerve root
compression (Bartynski grade 2 or above), had better
sensitivity but poorer specificity compared to the op-
timum threshold of Grade 3 (complete obliteration of
the lateral recess).
To investigate the role of multi-level lateral recess
stenosis, the ability of the number of lateral recesses
meeting various thresholds of lateral recess narrow-
ing per spine were assessed for their ability to dis-
tinguish NC participants from LBP participants (fig-
ure 5.18). There was no significant improvement
in AUC between the number of narrowed lateral re-
cesses by any of the investigated LRD thresholds and
Table 5.3: Comparison of mean and minimum LRD and mean Bartynski grades between genders.
Variables Women Men p Value
Mean CI Mean CI
Min. LRD (mm) 1.3 1.1 – 1.4 0.8 0.7 – 1.0 < 0.001
Mean LRD (mm) 3.1 3.0 – 3.3 2.3 2.2 – 2.5 < 0.001
Mean Bartynski Grade 0.87 0.79 – 0.94 1.04 0.94 – 0.14 0.018
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Figure 5.11: The relationship between mean and minimum LRD per participant and participant Age, BMI and height meas-
urements.
Table 5.4: Comparison of lateral recess measurements between NC and LBP participant groups.
Variables NC Participants LBP Participants p Value ROC Analysis
Mean CI Mean CI AUC CI
Min. LRD (mm) 1.0 0.9 – 1.1 1.6 1.3 – 1.9 < 0.001 0.66 0.59 – 0.73
Mean LRD (mm) 2.7 2.6 – 2.8 3.2 2.9 – 3.5 0.001 0.63 0.55 – 0.70
Mean Bartynski Grade 1.03 0.96 – 1.09 0.47 0.37 – 0.56 < 0.001 0.77 0.71 – 0.82
the mean or minimum LRD per spine. Similarly the
AUC for the number of lateral recesses showing at
least Bartynski Grade 2 or 3 was not greater than the
AUC for mean or maximum Bartynski grade per par-
ticipant.
There was no significant difference in the pres-
ence of significant disc herniation or number of sig-
nificant herniations per spine between NC and LBP
participants.
5.6 Relationship to symptom severity in NC participants
No significant correlation was identified between
the mean or minimum LRD per participant and any
clinical severity variable in NC participants (fig-
ure 5.20). Similarly, there was no significant correla-
tion between the mean or maximum Bartynski grade
per participant and any clinical severity variable.
There was also no significant correlation between
any clinical severity variable and the number of
lateral recesses judged stenotic using the various
thresholds of lateral recess narrowing explored in the
previous section: including LRD < 3mm, LRD < 0.6
mm, Bartynski Grade >= 2, Bartynski Grade >= 3.
Similarly, there was no significant difference in clin-
ical severity score between multi-level, single-level
and no lateral recess stenosis groups divided using
the threshold measurements above.
Participants judged as having significant disc her-
niations appeared to have lower levels of neuro-
ischaemic symptoms as judged by the ZCQ neuro-
ischaemic domain, leading to an overall lower score
for such participants in the overall ZCQ symptom
subscale (Man-Whitney, p = 0.02 and p = 0.03
respectively, table 5.6). No significant difference
was observed in the pain domain scores between the
groups. Similarly, weak negative correlations were
identified between the number of discs demonstrat-
ing significant herniations per participant and the
ZCQ neuro-ischaemic domain and ZCQ symptom
subscale (R = −0.14, p = 0.006 and R = −0.12,
p = 0.02 respectively, see figure 5.19).
No significant difference in ODI, EQ-5D, walk-
ing distance to symptom onset or max walking dis-
tancewas found between thosewith andwithout sig-
nificant disc herniations. No significant correlation
between the number of discs demonstrating herni-
ationsper participant and theZCQpaindomain,ODI,
EQ-5D, walking distance to symptomonset andmax-
imum walking distance was identified.
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Figure 5.12: The relationship between maximum and mean Bartynski grades per participant (converted to a 4 point numer-
ical scale) and participant Age, BMI and height.
Figure 5.13: Distribution ofminimum lateral recess depthmeasurements per participant. Horizontal lines represent themean
value of the distributions.
5.7 Other measurements
The sub-articular sagittal diameter of the canal (SSDC)
The SSDC was measured from the most anterior as-
pect of the capsular covering capsule overlying the
superior articular facet, anteriorly to the posterior
disc annulus (figure 5.1). The SSDC was added as a
measurement in the second round of measurement
assessment.
We found the SSDC inter-rater to be poor (ICC =
0.31). Measurement discrepanciesweremost promin-
ent at the L5/S1 disc, where the most anterior aspect
of the superior articular facet often lies lateral to the
disc giving no clear anterior end to themeasurement.
Observers had adopted different techniques for deal-
ing with this.
While further standardisation of measurement
technique would likely improve the observed ICC,
the disc-level LRD had performed well and both
measurements assessed similar anatomical aspects of
the canal. Hence, no further investigation of the
SSDC was undertaken.
Ligamentum flavum thickness
Two measurement techniques were assessed for
measurement of the ligamentum flavum thickening,
measuring on axial T2 images at mid-disc level at the
level of the azygous joint space, andmeasuring at the
mid point of the ligamentum flavum.
Both measurement techniques had unacceptable
reliability (inter-rater ICC of 0.44 and 0.36 respect-
ively) and discussion with observers suggested prob-
lems distinguishing the ligament from azygous joint
capsule and lamina cortex, alongside difficulties se-
lecting the correct site for the measurement. Due to




Figure 5.14: Distribution of mean lateral recess depth measurements per participant. Horizontal lines represent the mean
value of the distributions.
Figure 5.15: Distribution of mean Bartynski grades per participant. Horizontal lines represent the mean value of the distri-
butions.
5.8 Chapter summary
Twomainmeasurements of lateral recess were de-
scribed: the lateral recess depth (LRD), a quantitat-
ive measurement of lateral recess narrowing, and the
Bartynski grade, a grading system assessing qualitat-
ive features of transiting nerve root entrapment. Both
measurements had good reliability. The lateral recess
in those without qualitative features of canal nar-
rowing was shown to progressively decrease in size
between L1 and L4 before increasing again at L5 and
themean andminimumLRDwere bothnegatively re-
lated to patient height and smaller in men.
As expected, the LRD and Bartynski grade were
closely related, with a threshold LRDof 2mmpredict-
ing the presence of qualitative nerve root entrapment
with high sensitivity but poor specificity, the latter
in part explained due to the ability of the transiting
nerve root to escape compression by medial move-
ment away from the narrowed lateral recess. Nar-
rowing of the lateral recess and associated transit-
ing nerve root entrapmentwere also closely related to
narrowing of the central canal at the same level, un-
surprising due to the common degenerative changes
Figure 5.16: Distribution of maximum Bartynski grades per participant.
80
The Lateral Recess
Figure 5.17: ROC curves demonstrating the ability of the investigated lateral recess measurements to separate NC and LBP
participants.
Figure 5.18: ROC curves for the ability of the number of stenotic lateral recesses, using various definitions of
stenosis, to separate NC and LBP participants.
contributing to both lateral recess and central canal
stenosis.
Narrowing of the lateral recess was most com-
mon at L3 and L4 and there was a weak inverse cor-
relation between the minimum LRD per participant
and patient age, a correlation which increased in
strength when considering only patients with neuro-
genic claudication. The lateral recess was smaller,
both at the minimum level per participant, but also
on average across all levels per participant inNC com-
pared to LBP participants. Similarly therewere higher
levels of qualitative nerve root entrapment in the lat-
eral recess on NC claudication participants. Despite
this, neithermeasurement separatedNC and LBP par-
ticipants well due to the significant overlap in meas-
urement distributions between groups and there was
no clear relationship between the measurements and
clinical severity of symptoms in NC patients. Simil-
arly, the number of levels judged as stenotic, using
a variety of definitions, did not separate NC or LBP
symptoms or predict severity of NC symptoms.
In addition to the measurements of lateral re-
cess stenosis, the effect of significant disc herniations
(definedasherniations causingdeviationor compres-
sion of a nerve root) was assessed. Inter-rater re-
liability was much poorer for the presence of disc
herniation compared to the other measurements dis-
cussed in this thesis. 32% of participants showed such
herniations, which were most common at L5, and
their incidence did not seem linked to demographic
factors or the presence of neurogenic claudication
symptoms.
Paradoxically, the presence of a significant disc
herniation seemed to be linked to lower levels of
neuro-ischaemic type symptoms in patients with NC.
This finding was unexpected given the supposed
pathological link between herniations and nerve root
inflammation discussed in Section 1.6.2. There are a
number of reasons to doubt the validity of this find-
ing, the correlations identified are weak and p values
are just under the threshold for significance. There
was also no associated reduced disability with disc




Table 5.5: Various threshold measurements and their sensitivity and specificity for distinguishing between NC and LBP par-
ticipant groups. Those measurements marked optimum are the point on the ROC curve with maximum Youden’s J statistic.
Measurement Threshold Sensitivity (%) Specificity (%)
Min. LRD (mm) <= 3 90.3 15.9
<= 0.6 (Optimum) 47.0 79.4
Mean LRD (mm) <= 2.8 (Optimum) 61.2 63.5
Max. Bartynski = 3 (Optimum) 57.5 84.1
>= 2 74.8 63.5
Mean Bartynski >= 0.82 (Optimum) 61.5 82.5
Figure 5.19: The relationship between the ZCQ symptom subscale and ZCQ neuroischaemic domain scores and the number
of significant disc herniations per participant (those causing deviation or compression of a nerve root). Jitter has been added
to reduce overlap between points.
Table 5.6: Comparison of clinical severity scores between patients with andwithout significant disc herniations (herniations
displacing or compressing nerve roots).
Variables Sig. Herniation Present Sig. Herniation Absent p Value
Mean CI Mean CI
ODI (%) 31.0 28.7 – 33.3 33.5 31.9 – 35.2 0.252
ZCQ symptom-subscale (%) 57.8 55.9 – 59.7 60.6 59.1 – 62.1 0.034
ZCQ pain domain (%) 66.0 63.9 – 68.1 67.5 65.9 – 69.1 0.373
ZCQ neuro-ischaemic domain (%) 46.9 44.0 – 49.7 51.3 49.3 – 53.4 0.022
Walking distance to onset (m) 105.4 93.9 – 117.0 106.6 96.3 – 117.0 0.523
Walking distance total (m) 263.5 247.8 – 279.3 251.3 239.4 – 263.2 0.284
EQ-5D 0.70 0.67 – 0.73 0.67 0.64 – 0.69 0.221
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Figure 5.20: Scatter plots comparing measurements of the lateral recess to clinical severity scores for NC parti-





The Neural Exit Foramen
6.1 Measurement method and reliability
The neural exit foramen diameter (NFD)
Theneural exit foramendiameter (NFD)was a prespe-
cified measurement for the BOOST sub-group ana-
lysis of treatment effect. Andreisek’s core reporting
criteria do not contain a quantitative measurement
of neural exit foramen narrowing and hence one was
selected based upon its common use in the literature
(Steurer et al. 2011).
The measurement was made on axial T2 images
cutting through the neural exit foramen (see fig-
ure 1.4, measurement 1). The axial slice was selec-
ted by comparing the axial image location data with
sagittal images showing the same neural exit fora-
men: a sagittal slice was picked that clearly showed
all the boundaries of the foramen, and an axial slice
that cut through the exiting nerve root (as displayed
on the sagittal image)was then selected. Once the im-
age the measurement was to be performed on was se-
lected, two measurement techniques were explored,
one measuring the smallest diameter perpendicular
to the canal and a second measuring at the most me-
dial aspect of the exiting nerve root visible on the
axial slice.
Inter-rater reliability was moderate, with ICC of
0.50 for the first technique and 0.40 for the second
technique. The first technique was therefore selec-
ted and applied to the full imaging data-set where
intra-rater reliability was found to be good with ICC
of 0.67. Discussion between observers revealed dif-
ficulties with misregistration between sagittal and
axial images when choosing the axial slice and con-
sistent selection of the site of measurement within
the visible canal on the axial image.
The Shapiro-Wilk test results was consistent with
a non-normal distribution of the NFD (W = 0.996,
p < 0.001), but the quantile-quantile (plot) (QQ) plot
demonstrated the deviation from normal was minor;
with evidence of a light lower tail, heavy upper tail
and a minor left skew — figure 6.1. As such, para-
metric methods are used in the subsequent sections
for analysis of the NFD.
The “Lee” Grade
The qualitative grading system proposed by S. Lee et
al. (2010) aims to assess for entrapment of the exiting
nerve root within a narrowed neural exit foramen. It
is a 4 point grading system judged from primarily T1
weighted sagittal images at the site of most signific-
ant foraminal narrowing: grade 0—normal foramina
without evidence of nerve root compression; grade 1
– neural exit foramen narrowing results in perineural
fat obliteration in two opposing directions without
evidence of morphologic change in the nerve root;
grade 2 — moderate neural exit foramen narrowing
withobliterationof perineural fat in4opposingdirec-
tionswithout evidence ofmorphologic change; grade
3 — severe neural exit foramen narrowing with evid-
ence of nerve root collapse or morphologic change.
Examples of different grades are given in figure 6.2.
The Lee grade was found to have a κ of 0.68 for
both inter- and intra-rater reliability (87% and 92%
agreement respectively), and far exceeded the reli-
ability of other assessed measurements of foraminal
nerve root entrapment, despite their inclusion in
Andreisek’s core reporting criteria (Andreisek et al.
2014) — see Section 6.7. Criticisms of the grading
scheme from observers were very similar to the other
trialled measurements, but less pronounced, and is
discussed in later sections.
6.2 Changing neural exit foramen size with spinal level
There was a significant relationship between the
NFD and spinal level, for both all measured neural
exit foramina, and when only considering those
without qualitative features of nerve root compres-
sion as judged by a Lee grade of 0 (ANOVA, p < 0.001
for both). The median NFD progressively increased
between L1 and L3, decreasing slightly at L4, before
again increasing at L5 — see figure 6.3.
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Figure 6.1: Quantile-quantile plot of NFDmeasurements.
Figure 6.2: Schematic illustration of the Lee grade adapted from figure 1, S. Lee et al. (2010). Peri-neural fat is shown in
blue surrounding the red nerve root. Two examples of grade 1 nerve root entrapment are given with differing directions of
entrapment. In the grade 3 image the nerve root has lost its normal ovoid shape.
A neural exit foramen diameter of 3 mm is com-
monly used in the literature as a threshold below
which the neural exit foramen is considered sten-
osed Andreisek et al. 2013. Only 4.6% of all measured
foramina was considered stenotic by this definition,
with the majority of such levels falling at L4 and L5
levels (see table 6.1). In contrast, 10% of graded levels
had qualitative evidence of nerve root impingement
(i.e. a Lee grade of 1 or above). Interestingly, despite
the more common narrowing of foramen diameter
at L4, the exiting nerve root was judged more com-
monly compressed at L5. One possible explanation
for this effectmay be the relatively oblique course the
L5 neural exit foramen takes relative to the sagittal
plane of imaging, potentially creating more artifac-
tual compression via partial volume effects, but also
potentially secondary to the longer neural exit fora-
men course (Wilmink 2010c).
6.3 Relationship between measurements
There was a moderate negative correlation
between the NFD and the Lee grade (R = −0.40,
p < 0.001), implying the NRD explains 16% of the
variability in the qualitative grading. This correla-
tion is smaller than that of the previously discussed
relationships between quantitative and qualitative
measurements of the central canal (where R = 0.61)
and lateral recess (where R = −0.64). The distribu-
tion of NFD grades, broken down by associated Lee
grades and spinal level is shown in figure 6.4a.
A ROC analysis was performed assessing the abil-
ity of the NFD to predict the presence of qualitat-
ive features of nerve root compression (i.e. a Lee
grade of 1 or greater). The AUC was 77.6% (95% CI:
74.6% – 80.5%). Consistent with the lower correlation
between theNFDandLee grade compared to the equi-
valent correlations between qualitative and quantit-
ative measurements in the lateral and central canal,
AUC between NFD and Lee grade was significantly
smaller than the corresponding AUC between LRD
and Bartynski grade (Dunn’s test, p < 0.001).
The commonly used 3 mm LRD threshold for
neural exit foramen stenosis had a 99.4% specificity,
but only 33.7% sensitivity for observer recorded
nerve root entrapment. In comparison, the optimal
threshold for detecting entrapment, as determined by
maximisingYouden’s statistic, was 4.7mm,which re-
duced the specificity to 86.8% but increased the sens-
itivity to 61.1%.
Therewas a clear relationship between LRDmeas-
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Figure 6.3: The distribution of neural exit foramen diameter with changing spinal level. Graphs for both all measured levels
and only those without qualitative features of foraminal nerve root compression are shown.






Table 6.1: Sites of neural exit foramen stenosis as defined by a NFD < 3 or the presence of qualitative features of nerve root
compression.
urements and measurements of the central canal
at the same spinal level for each individual (see
figure 6.5a and 6.5b). No significant correlation
between APD and NFD was identified at L5, though
significant correlations were identified at all other
levels. Similarly, the correlation between DS-CSA
and the LRD was weaker at L5 than at the other
lumbar levels.
As expected, given that facet joint hyper-
trophy/osteophytosis contributes to narrowing both
the lateral recess and neural exit foramen, there was
a moderate correlations between the NFD and LRD
(figure 6.5c).
The correlations between the NFD and quantitat-
ive measurements of the central canal and lateral re-
cess wereweaker than the corresponding correlations
between the LRD and measurements of central canal
discussed in sections 4.3 and 5.3. They also demon-
stratedmuch less pronounced effect of spinal level on
the gradient of the line of best fit (see Section 5.3).
There were also significant relationships between
the risk of nerve root impingement within the neural
exit foramen (i.e. a Lee grade > 0) and the risk of im-
pingement in the lateral recess at the same level and
side of the canal (i.e. a Bartynski grade> 1) or the cent-
ral canal at the same level (ı.e. a Schizas grade > B).
The odds ratio for the presence of impingement was
2.22 (95% CI: 1.73 – 2.85) and 2.51 (95% CI: 2.03 – 3.11)
when comparing the central canal and lateral recess
to the neural exit foramina respectively (p < 0.001 for
both).
6.4 Relationship to demographic variables
A weak negative correlation between the min-
imum NFD per participant and age was identified
(figure 6.6) without an associated significant correl-
ation with the mean foraminal diameter per parti-
cipant. There was a similar weak positive correlation
between the maximum Lee grade per participant and
participant age (figure 6.7), again without an associ-
ated correlation with the mean Lee grade per parti-
cipant.
No significant correlation was identified between
the mean or minimum NFD or mean or maximum
Lee grade per participant and participant BMI or
height. Therewas also no difference in the neural exit
foramen measurements comparing between gender
groups, ethnicity groups or between those patients
with a preexisting clinical MRI study compared to




(a) Box-plots demonstrating the relationship between the NFD and Lee grade, broken down by spinal
level.
(b) ROC analysis: the ability of the NFD to predict a Lee grade
of 1 or above.
Figure 6.4: Assessing the relationship between NFD and Lee grades.
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(a) Scatter plots of NFD and DS-CSA.
(b) Scatter plots of NFD and APD.
(c) Scatter plots of NFD and LRD.
Figure 6.5: The relationship between NFD and other measurements of canal size.
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Figure 6.6: The relationship between mean and minimum NFD per participant and participant age, BMI and height meas-
urements.
6.5 Differences between NC and LBP imaging groups
Both the mean and minimum NFD was smal-
ler in NC participants compared to LBP participants
(table 6.2) but, in a similar fashion to that seen for the
lateral recess, there was substantial overlap in their
distributions (figures 6.8a and 6.8b) with poor AUC
values (figure 6.9a) indicating they did not accurately
separate NC and LBP participants. There was no sig-
nificant difference in AUC values between the mean
and minimum NFD.
Similarly, higher mean and maximum Lee grades
were seen in NC participants compared to LBP parti-
cipants (p < 0.001 and p = 0.008 respectively). Lee
grades of 2 and 3 were relatively rare across all in-
cluded participants, but were seen more frequently
in neurogenic claudication patients (figure 6.8c).
Again, due to the degree of overlap in distributions,
both measurements had poor AUC values. The AUC
for the mean Lee grade per participant was 0.60 (95%
CI: 0.54 – 0.66) and 0.60 for the maximum Lee grade
per participant (95% CI: 0.54 – 0.66). The AUC for the
mean NFD per participant was significantly higher
than the AUC values for the mean and minimum Lee
grades (Dunn’s test, p < 0.016 for both), but therewas
no significant differencewhen comparing to theAUC
for the minimum NFD per participant.
The performance of a variety of diagnostic
thresholds for neural exit foramen stenosis are
demonstrated in table 6.3. The 3 mm NFD threshold
commonly used in the literature had a relatively high
specificity for neurogenic participants but poor sens-
itivity. The optimum threshold of the maximum Lee
grade per participant, as found by Youden’s J stat-
istic, was 2 or greater, which also had a high spe-
cificity but poor sensitivity. The overall accuracy for
all thresholds across all measurements was poor.
To investigate the role of multi-level neural exit
foramen stenosis, the ability of the number of neural
exit foramina recesses meeting various thresholds of
narrowing per spine were assessed for their ability
to distinguish LBP participants from NC participants
(figure 6.9b). There was no significant improvement
in AUC values using this technique compared to the
performance of the measurements discussed above.
In fact, the AUC for mean NFD per participant was
significantly greater than the AUC for the number of
stenotic levels using all the tested thresholds for de-
fining stenosis (Dunn’s test, p < 0.03 for all).
6.6 Relationship to symptom severity in NC participants
No significant correlation was identified between
any clinical severity variable and the mean or min-
imum LRD per participant or the mean or maximum
Lee grade per participant (figure 6.10). Similarly
therewas no correlation between any clinical variable
severity and the number of stenotic neural exit fo-
ramina counted using the same thresholds employed
in figure 6.9b and no significant difference between
single and multi-level neural exit foramina stenosis
groups using the same thresholds.
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Figure 6.7: The relationship between maximum and mean Lee grades per participant and participant age, BMI and height.
Table 6.2: Comparison of neural exit foramen measurements between NC and LBP participant groups.
Variables NC Participants LBP Participants p Value ROC Analysis
Mean CI Mean CI AUC CI
Min. NFD (mm) 4.11 3.96 – 4.25 5.05 4.71 – 5.39 < 0.001 0.67 0.60 – 0.74
Mean NFD (mm) 6.01 5.89 – 6.12 6.92 6.64 – 7.2 < 0.001 0.72 0.65 – 0.79
Mean Lee Grade 0.15 0.12 – 0.17 0.06 0.03 – 0.09 < 0.001 0.60 0.54 – 0.66
6.7 Other measurements
The “Lurie” grade
This grading system, proposed by Lurie et al. (2008a),
is the same as the Lurie grade for central canal sten-
osis (discussed in Section 4.7) but applied to the
neural exit foramen. It is a formalisation of the nor-
mal, mild, moderate or severe stenosis descriptions
common to radiology reports and was suggested by
Andreisek as a core reporting criteria for compromise
of the foraminal zone (Andreisek et al. 2014). Sim-
ilar to the problems found when applying the Lurie
grade to central canal stenosis, the grading system
was found to suffer from severe problems with reli-
ability with inter-rater κ of 0.17 (54% agreement). As
such, no further investigation using this grading sys-
tem was performed.
The “Wildermuth” grade
The grading system proposed by Wildermuth et al.
(1998) is a 4 point qualitative grading system aiming
to assess exiting nerve root compression within the
neural exit foramina. The four grades are defined as:
1 — normal foramina size and form of the epidural
fat; grade 2 — slight stenosis with deformity of the
epidural fat but which still completely surrounds the
exiting nerve root; grade 3—marked foraminal sten-
osis with epidural fat partially surrounding the nerve
Table 6.3: Various thresholdmeasurements and their sensitivity, specificity and accuracy for distinguishing betweenNC and
LBP participant groups. Those measurements marked optimum are the point on the ROC curve with maximum Youden’s J
statistic.
Measurement Threshold Sensitivity (%) Specificity (%)
Min. NFD (mm) <= 3.65 (Optimum) 36.8 88.9
<= 3 24.4 93.7
Mean NFD (mm) <= 6.50 (Optimum) 68.8 68.3
Maximum Lee Grade >= 2 (Optimum) 18.6 98.4
Mean Lee Grade >= 0.15 (Optimum) 30.8 87.3
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(a) Distribution of minimum NFD measurements per participant. Horizontal lines rep-
resent the mean value of the distributions.
(b) Distribution of mean NFDmeasurements per participant. Horizontal lines represent
the mean value of the distributions.
(c) Distribution of mean Lee grades per participant. Horizontal lines represent the mean
value of the distributions.
(d) Distribution of maximum Lee grades per participant.
Figure 6.8: Distribution of neural exit foramen measurements in NC and LBP patient groups.
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(a) ROC curves demonstrating the ability of the investigated
neural exit foramenmeasurements to separate NC and LBP par-
ticipants.
(b) ROC curves for the ability of the number of stenotic neural
exit foramina, using various definitions of stenosis, to separate
NC and LBP participants.
Figure 6.9: ROC Analyses
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Figure 6.10: Scatter plots comparing measurements of the lateral recess to clinical severity scores for NC parti-
cipants. Horizontal jitter has been added to reduce point overlap.
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root; grade 4— advanced stenosis with complete ob-
literation of the epidural fat. It was chosen in the first
round of measurement assessments over the grading
system proposed by Pfirrmann et al. (2004), and en-
dorsed by Andreisek’s as a core reporting criteria, as
the former was specifically designed for use in the
degenerate neural exit foramen, whereas Pfirrmann’s
grading system relatesmore to disc herniation related
nerve root entrapment outside the central canal.
The overall reliability of the Wildermuth grad-
ing system was moderate, with a inter-rater κ of 0.48
(87% agreement). Discussion between observers and
manual inspection of discrepancies noted problems
with consistent assignment of grade 2 stenosis, due
to difficulties defining epidural fat deformity consist-
ently, and problems with potential grade 3 foramina,
due to nerve roots often brushing against the bound-
aries of otherwise completely normal foraminawhere
no impingement would be expected. It was often also
difficult to decide whether a thin rim of epidural fat
remained between a potentially impinging structure
and the nerve root. Due to these issues, it was de-
cided to instead use the Lee grading system described
in Section 6.1 — which does not include a Grade 2 or
grade 3 equivalent, and instead only records impinge-
ment of the nerve root between 2 or more opposing
surfaces.
6.8 Chapter summary
Two main main measurements of the neural exit
foraminawere described: theneural exit foramendia-
meter (NFD), a quantitative measurement of neural
exit foramen narrowing, and the Lee grade, a 4 point
qualitative grading systemassessing for exiting nerve
root entrapment. The former had only a moderate
inter-rater reliability while the Lee grading system
proved more reliable in terms of its inter- and intra-
rater reliability. Both measurements were correlated,
but this relationshipwasweaker than the correspond-
ing relationships between quantitative and qualitat-
ivemeasurements of the central canal and neural exit
foramina, with the variation in LRD only explaining
an estimated 16% of the variability of the Lee grade.
Neural exit foramen stenosis, defined by a
threshold level of foramen narrowing, wasmost com-
mon at the L4 level, but when instead defined by the
presence of qualitative features of exiting nerve root
entrapment, wasmore common at L5. The latter find-
ing being potentially secondary to the longer more
oblique foramen course relative to the more superior
levels. The degree of neural exit foramen narrowing
was related to both central canal and lateral recess
narrowing at the same spinal level, as expected given
the related degenerative changes contributing to nar-
rowing of all three structures. Similarly, the presence
of qualitative features of exiting nerve root entrap-
ment was predictive for features suggesting nerve
root entrapment in both the lateral recess and central
canal at the same spinal level.
The neural exit foramen was smaller on average
in patients with neurogenic claudication (NC) com-
pared to thosewith lower back pain (LBP), bothwhen
considering only the smallest foramen per spine or
when averaging across all neural exit foramina per
spine. There was a corresponding higher rate of ex-
iting nerve root entrapment in NC patients. Despite
this the measurements of the neural exit foramina
failed to accurately separate NC from LBP patients
and there was no identified relationship between
the degree of neural exit foramen narrowing, exiting
nerve root entrapment or the number of stenosed fo-





Lumbar Spinal Alignment and Fractures
7.1 Spondylolisthesis and spondylolysis
Measurement
For all disk levels between L1 and L5, the degree
of spondylolisthesis (anterior or posterior translation
of a vertebral body relative to the level below) was
graded on T2 weighted sagittal images using the
system proposed by Meyerding (1932). The system
grades the degree of translation on a 5 point scale as
either: grade 0 – no translation relative to the size of
the end-plates at that level, grade I – 0-25% transla-
tion, grade 2 – 25-50% translation, grade 3 – 50-75%
translation or grade 4 – 75-100% translation. Transla-
tion less than 3 mm was graded as grade 0 (Kauppila
et al. 1998). Both inter and intra-rater reliability was
good with κ of 0.76 (96.3% rater agreement) and κ of
0.80 (94.9% rater agreement) respectively.
In total, 48.7% of all included participants had
spondylolisthesis affecting at least one spinal level.
Spondylolisthesis was most common at the L4/5
and L5/S1 levels, where 29.7% and 20.1% of levels
demonstrated at least grade 1 spondylolisthesis re-
spectively. Participants with spondylolisthesis were
slightly older (mean 75.5 years vs 73.8 years, Mann-
Whitney p = 0.001), and slightly taller (mean height
1.66 m vs 1.64 m, Mann-Whitney p = 0.004). There
was no significant difference in BMI between those
with and without spondylolisthesis and no signific-
ant difference in maximum spondylolisthesis grade
between gender or ethnicity groups.
Within participants of the BOOST RCT, parti-
cipants who had a pre-existing clinical MRI, as op-
posed to a MRI for the purposes of the trial, were
much more likely to have spondylolisthesis – 58.4%
of participants with a pre-existingMRI showed spon-
dylolisthesis, as opposed to 43.2% without (Chi-
squared p = 0.008).
In total, 7.4% of participants had at least one level
with a raised APCR, a measurement strongly asso-
ciated with spondylolysis. Spondylolysis represents
the presences of bilateral breaks in the pars inter-
articularis which allows translation of the vertebral
body and posterior neural arch relative to each other.
Spondylolysiswasmore common in the lower lumbar
spine, with 6.8% of L5 and 1.2% of L4 levels affected.
Spondylolysis was associated with spondylolisthesis
at 50% of levels. These numbers likely underestimate
the true number of levelswith spondylolysis, as spon-
dylolysiswithout translation of either the neural arch
or vertebral body will not have a raised APCR.
Patients with spondylolysis were on average taller
than thosewithout (1.70mvs 1.65m,Mann-Whitney
p = 0.001) and more likely to be male (14.2% of men
had spondylolysis as opposed to 2.1% of women, Chi-
squared p = 0.004). There was no significant differ-
ence in age, BMI or ethnicity group between those
with or without spondylolysis and no difference in
BOOST participants between those with andwithout
a pre-existing clinical MRI study.
Relationship to canal size
The relationship between the degree of spon-
dylolisthesis and the central canal size was related
both to spinal level and the presence of co-existing
spondylolysis at that spinal level.
At L1 and L2, where very few levels showed
spondylolisthesis there was no identified relation-
ship between spondylolisthesis grade and DS-CSA.
In contrast, at L3 and L4 where many more levels
showed spondylolisthesis, its presence was associ-
atedwith smaller DS-CSAs (Man-Whitney, p < 0.001,
table 7.1).
Spinal levels with evidence of spondylolysis
showed significantly higher DS-CSA measurements
compared to those without — 201 mm2 (CI: 177 –
226 mm2) vs. 138 mm2 (CI: 135 – 140 mm2, Mann-
Whitney < 0.001) and this complicated the relation-
ship between spondylolisthesis and canal size at L5
where the incidence of spondylolysis was highest.
The overall relationship between DS-CSA and spon-
dylolisthesis at L5 was non-significant, but became
significant when levels with spondylolysis were ex-
cluded, again showing smaller DS-CSA measure-
ments at spondylotic levels (Man-Whitney, p =
0.003).
No significant relationship between the APD and
spondylolisthesis was identified between L1 and L4.
APD measurements at L5 levels showed larger APDs
in levels with spondylolisthesis compared to those
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Table 7.1: Comparison of DS-CSA between levels with and without spondylolisthesis. P values from Man-Whitney U tests
are given.
Level Spondylolisthesis Absent Spondylolisthesis Present p values
Mean DS-CSA (mm2) CI Mean DS-CSA (mm2) CI
L1 182.18 176.88 – 187.48 175.06 155.17 – 194.94 0.55
L2 144.52 139.64 – 149.40 135.5 114.93 – 156.07 0.48
L3 128.50 123.42 – 133.58 95.23 79.88 – 110.58 < 0.01
L4 128.27 121.64 – 134.90 74.51 66.24 – 82.78 < 0.01
L5 161.86 154.82 – 168.89 148.36 134.25 – 162.47 0.08
L5 (No Spondylolysis) 160.55 153.49 – 167.61 132.94 120.37 – 145.51 0.00
without (Man-Whitney, p < 0.001) but once the ef-
fect of spondylolysis had been excluded the relation-
ship became insignificant.
The presence of spondylolisthesis was also associ-
ated with significantly smaller lateral recess diamet-
ers at all lumbar levels (Mann-Whitney, p < 0.045)
and smaller neural exit foramina diameters at L2, L3
and L5 (Mann-Whitney, p < 0.038). The neural
exit foramina diameters at L1 and L4 did not signi-
ficantly differ between those levels with and without
spondylolisthesis. As expected, the presence of spon-
dylolysis was associated with larger neural exit fo-
ramina diameters (Mann-Whitney p = 0.05) but was
not associated with a significant difference in neural
exit foramina diameter.
Relationship to clinical variables
The distribution of maximum spondylolisthesis
grades per participant differed significantly between
NC and LBP groups (table 7.2, Chi-squared p = 0.048)
with an AUC of 0.56 (95% CI: 49.6 – 63.2%). Over-
all 50.8% of NC participants had at least one lumbar
level with spondylolisthesis, as opposed to 36.5% of
LBP participants. The ability of the maximum spon-
dylolisthesis grade per participant to differentiate NC
from LBP participants was very poor, with AUC of
0.56 (95% CI: 0.50 – 63.0).
In contrast, there was no difference in the incid-
ence of spondylolysis in NC or LBP groups and there
was no significant difference in any clinical severity
score between participants grouped by the presence
of spondylolisthesis or spondylolysis.
7.2 Scoliosis
Observers rated each spine for the presence of sig-
nificant lumbar scoliosis. Significant scoliosis was
defined as as maximal Cobb angle of greater than
20◦ between any two lumbar vertebra. As no formal
coronal imaging was performed the judgement was
made based upon coronal scout sequences.
Reliability was perfect with all observers agreeing
across all observations. 10%of all participants showed
lumbar scoliosis. Scoliosis was more common in wo-
men (12.8% of female participants as opposed to 6.6%
of male participants, Chi-squared p = 0.046). There
was no significant relationship to patient age, BMI,
height or ethnicity, and no difference in prevalence
between BOOSTparticipantswith a pre-existingMRI
compared to those having anMRI for the purposes of
the trial.
The median values of the minimum DS-CSA,
mean DS-CSA, mean APDwere significantly larger in
individuals with scoliosis compared to those without
(see table 7.3). This may in part be explained geomet-
rically, with cross-sectional of the dural-sac elongat-
ing as the canal becomes more angulated relative to
the plane of imaging. In contrast, the minimumNFD
was smaller in patients with scoliosis, though meas-
urement was often difficult, again due to angulation.
Therewas no significant difference inminimumLRD
between those with and without scoliosis and no re-
lationship with the presence of spondylolisthesis.
The presence of scoliosis was not related to NC or
LBP status and did not show a significant relation-
ship to any clinical severity variable among NC par-
ticipants.
7.3 Fractures
MRI observers recorded all levels showing evid-
ence of osteoporotic vertebral body compression frac-
tures on sagittal images. Fractures were identified by
loss of vertebral body height compared to adjacent
levels.
Reliability was good with inter-rater κ of 0.72
(97.6% agreement) and inter-rater κ of 0.73 (97.8%
agreement).
Unsurprisingly for this age group, 17% of individu-
als had at least one vertebral compression fracture.
Fractures were most common at T12 and L1 levels
where 9.3% and 8.2% of levels were fractured respect-
ively. There was no relationship between the pres-
ence of fractures andpatient age, BMI, height, gender,
ethnicity, or, for BOOST participants, whether the
participant had a pre-existing scan or one done spe-
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Table 7.2: Comparison of maximum spondylolisthesis grades in NC and LBP participants
Spondylolisthesis Grade None Grade 1 Grade 2
Neurogenic claudication participants (%) 49.2 48.0 2.8
Low back pain participants (%) 63.5 31.8 4.8
Table 7.3: Comparison of spinal canal size between those with and without scoliosis. P values fromMan-Whitney U tests are
given.
Variables Scoliosis Present Scoliosis Absent p Value
Mean CI Mean CI
Min. DS–CSA (mm2) 105.1 90.6 – 119.6 87.6 82.9 – 92.2 0.022
Mean DS–CSA (mm2) 154.3 139.7 – 168.8 137.0 132.7 – 141.2 0.031
Min. APD (mm) 16.1 15.5 – 16.7 15.7 15.6 – 15.9 0.163
Mean APD (mm) 18.2 17.7 – 18.7 17.5 17.3 – 17.6 0.010
Min. LRD (mm) 1.5 1.0 – 1.9 1.0 0.9 – 1.1 0.060
Min. NFD (mm) 3.6 3.2 – 4.0 4.3 4.2 – 4.5 0.001
cifically for the purposes of the RCT.
The presence of fractures was related to increased
pain and disability, with significantly higher ZCQ
pain subdomain scores, reduction in walking dis-
tance to symptom onset, reduction in the maximum
distance the patient could walk, and a reduction
in the EQ-5D (see table 7.4). The ODI was also
greater (indicating greater disability) in individuals
with fractures but the difference did not reach signi-
ficance. Interestingly there was no significant differ-
ence in the overall ZCQ symptom subscale due to a
lack of difference in items contributing to the ZCQ
neuro-ischaemic subdomain, suggesting the associ-
ated increase in pain was not related to the patients
claudication symptoms. Therewas no significant dif-
ference in the presence of fractures between NC and
LBP participants.
7.4 Chapter summary
This chapter discussed spinal alignment and os-
teoporotic compression fractures within the included
participants.
Spondylolisthesis was very common, being
present in just under half of all participants and
with increased prevalence in older and taller par-
ticipants. Spondylolisthesis was generally associ-
ated with smaller central canals and lateral recesses,
but this relationship was complicated in those in-
dividuals with isthmic spondylolisthesis, the latter
instead associated with larger spinal canals. Spon-
dylolisthesis, but not spondylolysis, was more com-
mon in NC patients, but had little ability to differen-
tiated them from the control group, and neither were
related to clinical severity within individuals with
neurogenic claudication.
Scoliosis was present in 10% of participants and
more common in women. It was associated with
larger canal sizes compared to non-scoliotic parti-
cipants, most likely due to elongation of the canal
cross-section as the canal becomes angled relative to
the plane of imaging. Scoliosis did not appear to be
related to NC symptoms or symptom severity within
NC participants.
Fractures were also common within the included
participant groups, affecting 17% of participants. The
presence of a fracture was associated with higher dis-
ability, lower maximum walking distance, shorter
walking distances to symptom onset and overall in-
creased pain scores (but without significant differ-
Table 7.4: Comparison of clinical severity variables between individuals with and without osteoporotic compression frac-
tures T12-L1 in patients with neurogenic claudication.
Severity Variables Fracture Absent Fracture Present p Value
Value CI Value CI
ODI 32.2 30.7 – 33.7 35.4 32.1 – 38.6 0.067
ZCQ symptom subscale 59.1 57.9 – 60.4 62.4 59.3 – 65.5 0.107
ZCQ pain subdomain 66.3 65.0 – 67.7 70.6 67.4 – 73.8 0.026
ZCQ neuro–ischaemic subdomain 49.5 47.7 – 51.3 51.4 47.1 – 55.8 0.423
WD to symptom onset 112.9 103.9 – 121.9 74 61.1 – 86.8 0.032
Max. WD 261.4 251.2 – 271.7 223.7 199.7 – 247.7 0.005
EQ–5D 0.69 0.67 – 0.71 0.60 0.55 – 0.66 0.025
99
Chapter 7
ence in the claudication type pain, and fractures were
not predictive of claudication symptoms). Fractures
were hencewas one of the fewMRI features identified
within this study clearly related to symptom severity,






Both the previous literature (see Chapter 2) and
work presented within this thesis up to this point
have largely focused on the minimum and mean of
a single given measurement of canal size for the dia-
gnosis of anatomical LSS. This approach has the be-
nefit of simplicity but suffers from a number of lim-
itations.
The minimum of a given measurement of canal
size only gives information about one point in the
canal, ignoring other sites of degeneration and poten-
tial nerve root compression. The mean, in contrast,
is a course statistic which gives information about
the general size of the canal, but which may be mis-
leading about the potential for nerve root compres-
sion given the propensity of canal degeneration to be
markedlymore pronounced at certain levels and sites
while relatively minor at others (see § 1.4.3).
The use of single measurements to determine
canal size also ignores the potential sites of com-
pression at which that measurement does not apply.
For instance, using only the DS-CSA to decide if a
spine is stenotic fails to consider potential poten-
tial nerve root compression in the lateral recesses or
neural exit foramina. This failure is particularly egre-
gious given the proposed pathophysiological mech-
anisms involving multi-site nerve root compression
in the generation of neurogenic claudication symp-
toms (§ 1.6.3).
As previously described in § 1.4.2, individuals
also vary in terms of the size of their normal spinal
canal (prior to onset of degenerative changes). If nar-
rowing of the spinal canal relative to the individu-
als normal (pre-degeneration) canal size is of greater
pathological significance than the absolute degree of
narrowing, raw measurements, without normalisa-
tion to the patients body size, will fail to accurately
reflect the anatomical changes of significance.
Finally, in this currentworkwehave recorded sev-
eral different ways of assessing for potential nerve
compression at each anatomical site assessed. Com-
bining the information from these differentmeasure-
ments has the potential to improve the overall ac-
curacy of assessment of nerve root compression and
hence the accuracy of the prediction of symptomato-
logy as a whole.
The following section presents a number of ap-
proaches designed to address some of the above lim-
itations and hopefully improve upon the heretofore
poor diagnostic performance of the explored canal
measurements.
8.2 The stenosis ratio
8.2.1 Rationale
Laurencin et al. (1999) originally described the
stenosis ratio (SR) in 1999. This was the only meas-
urement of lumbar canal narrowing found during the
scoping review presented in § 2.1 that made any at-
tempt to relate canal narrowing to the patients expec-
ted canal size unaffected by degenerative change.
The stenosis ratio at a given spinal level consists
of the disc levelDS-CSAdivided by themid-pedicular
DS-CSA, the idea being that themid-pedicular level is
not significantly affected by degenerative change and
hence should act as amarker of the normal size of the
canal (see § 1.4.3). Hence patients without signific-
ant degenerative change at the disc level are expected
to have a SRmeasurement of 1 with progressive sten-
osis giving lower values. Schizas et al. (2010) found
that the Laurencin’s SR was smaller in patients with
clinical LSS when compared to a control group, and
was predictive of failure of conservative LSS treat-
ment (though see Chapter 2 for criticism of themeth-
odology of such papers).
Unfortunately directmeasurement of the stenosis
ratio was not possible for the majority of participants
within the current study — the MRIs largely have
axial images taken in blocks centred around the disc
level. This frequently leaves gaps in imaging cover-
age at the level of the pedicles and hence prevents
measurement of the pedicular DS-CSA. This is likely
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Figure 8.1: The linear fit between the APD and DS-CSA in LBP patients
to be the case for most MRI studies performed in the
NHS,which largely followa similar imagingprotocol.
The antero-to-posterior canal diameter (APD) is
available within the study data set and has the po-
tential to act as a normalising measurement for the
DS-CSA. Like the pedicular DS-CSA, it is measured
away from the motion segment and hence away from
the majority of degenerative changes. It is largely
normally distributed (deviating fromnormal in those
with spondylosis) and does not vary significantly
with the presence of qualitative features of stenosis or
correlatewith thepatients age (§4.3). It isweakly cor-
relatedwith patient height (R = 0.1) allowing it to act
as aweakmarker of body size (§ 4.4). While the small
number of levels with spondylosis potentially have
sizes unrelated to thenon-degenerate size of the canal
due to the incomplete neural arch, their effect on the
overall utility of the measurement should be small
due to the relative rarity of involved levels, the fact
that spondylosis was generally associated with in-
creased spinal-canal cross-sectional areas rather than
stenosis, and the preponderance of spondylosis at L5,
a level more rarely associated with spinal stenosis
(§ 7.1).
While a simple ratio of the DS-CSA to the APD
might seem therefore to be a potential simple solu-
tion to the lack of pedicular DS-CSA, it has a number
of issues as a which make it unsuitable, the largest of
which is mathematically undesirable properties due
to the combination of different measurements. For
instance, changes in APD would have little effect on
the ratio compared to changes in the DS-CSA due to
the relative smaller range of the APD measurement
within the study population. Such a ratio would also
not have an easily intuitive interpretation.
Instead, a “non-degenerate” DS-CSA measure-
ment for the participant and spinal level can be po-
tentially predicted from the APD. The actual DS-CSA
can then be divided by the predicted DS-CSA to give
a measurement that behaves and is interpretable in a
manner similar to Laurencin’s stenosis ratio.
The process of predicting the expected DS-CSA
without degenerative change is made easier by the
fairly good linear relationship between the DS-CSA
andAPDmeasurements within in the data set, as pre-
viously presented in figure-4.5, allowing the predic-
tions tobemade froma linearmodelfitted to this data
— producing a predicted SR. Ideally a “normal” pop-
ulation without symptoms change would be used to
fit the linear model for the predictions, as the popu-
lation within the study are unlikely to be represent-
ative of the general population, due to their symp-
tomatology, with an over-representation of stenotic
levels. This is partially mitigated by the inclusion of
all measured levels— degeneration tends to be a pro-
cess that affects one motion segment while sparing
others, and exclusion of neurogenic claudication pa-
tients, who are known to have smaller canals, from
the data used to build the predictive model. The
lack of a definitely normal population on which to
base the predictions remains a significant limitation
of this technique and should be born in mind when
assessing the results below.
Another way to think about this transformation
of the DS-CSA is in terms of a dimensionality reduc-
tion. We know that the DS-CSA correlates fairly well
with the Schizas grade but also with the APD which
does not correlate with the Schizas grade (§ 4.3).
By removing the variation in the DS-CSA that can
be explained by the APD the residual variation may
more closely relate to the degree of degeneration,
rather than the variation in non-degenerate canal
size, which is represented by the APD. Because of
this, we would expect the strength of correlation
between the maximum Schizas grade and minimum
predicted SR to be stronger than that seen between
the minimum DS-CSA.
8.2.2 Results
A linear model was fitted between the DS-CSA and
APD, via themethod of least squares, for all available
spinal levels in the low-back pain control group. Two
levels with isthmic spondylolisthesis and outlying
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Table 8.1: Comparison of the predicted stenosis ratio in NC and LBP participants.
Variable NC Participants LBP Participants p Value
Value 95% CI Value 95% CI
Min. Ratio 0.57 0.54 – 0.60 0.74 0.69 – 0.80 < 0.001
Mean Ratio 0.92 0.89 – 0.94 0.99 0.94 – 1.03 0.005
Figure 8.2: ROC analysis for the predicted stenosis ratio.
APD measurements were excluded from the model.
Themodel had a β of 18.3, an intercept of−166.4 and
a adjusted R2 of 0.45 (figure 8.1). Hence the DS-CSA
could be predicted using the following formula:
D̂SCSA = APD × 18.3− 166.4 (8.1)
The predicted SR was calculated for each meas-
ured level, followed by the mean and minimum
ratio per canal. The minimum predicted SR sig-
nificantly negatively correlated with the maximum
Schizas grade (R = −0.73, p < 0.001) and the ab-
solute strength of correlation was stronger than that
seen between the maximum Schizas grade and the
unaltered minimum DS-CSA (R = 0.52, § 4.3).
Both the mean and minimum SRs were signific-
antly smaller inNCparticipants compared to LBP par-
ticipants (table 8.1). Despite this the predicted SR did
not effectively differentiate LBP and NC participants
with no significant improvement in AUC compared
to the to the un-adjustedminimumDS-CSAper parti-
cipant (Figure 8.2). Neither mean nor minimum pre-
dicted SRhadany significant correlationwith clinical
severity.
8.3 General machine learning classifiers
An earlier version of the work within this section has been published as a conference abstract—Gagen, RM et al. (2020)
8.3.1 A brief introduction to machine learning
Machine learning techniques allow automated cre-
ated of “classifiers” — algorithms trained to predict
the classification of an object based upon other data
associated with that particular object and its classi-
fication in general (Witten 2017). One of the classic
teaching examples, usedwithin themachine learning
literature, is training an algorithm to classify 3 dif-
ferent species of Iris flowers based upon their petal
and sepal length and width (Fisher 1936). In an ex-
ample of supervised learning, the machine learning
algorithm of interest is fed a data-set of flowers of
known species alongside their associated measure-
ments (the training-set) and the generated algorithm
is then tested for accuracy of species prediction, on
new data the algorithm has not been exposed to dur-
ing training (the test-set).
Such algorithms have great potential applica-
tions for medical diagnostic work due to their ability
to combine information from multiple sources into
making a diagnosis based upon data from previous
cases, in a similar way to which a human diagnosti-
cian might work. This approach stands in contrast
to the single variable based receiver operator charac-
teristic analysis so far performed in this thesis and
allows data from all collected MRI measurements as
well as demographic data to be combined in the at-
tempt to produce amodel separatingNC fromLBP pa-
tients, without reliance on summary variables such
as the minimum or mean of a given measurement.
A good example of a machine learning classifier
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Figure 8.3: The figure illustrates two models designed to separate orange and blue data-points represented by the black and
green lines. The green line represents an over-fitted model. It has perfect accuracy on this particular set of data but is likely
to have less overall accuracy than the regularised black line when applied to new data points from the same population.
is a decision-tree (p. 105, Witten 2017). Numer-
ous decision-tree based classifiers exist, and their full
workings are beyond the scope of this introduction,
but in general they work by repeatedly dividing the
data-set to produce a branching flow chart like struc-
ture, with a question based on some attribute of the
data at each node of the tree. To predict the classi-
fication of an object you start at the root node, and
answer each question in turn based on the data avail-
able for that object, following the branches indicated
by the answer until at the end of the branch is a pre-
diction of that objects classification.
The decision-tree is built during model training
by selecting the variable within the training-set that
best classifies the objects in the training data based
on some optimum threshold value of that variable.
The training-data is then divided based upon that
threshold and the same process is then performed
on each new sub-division (branch) of the training
data. This process is continued until either the all
of the new sub-divisions of the data contain only ob-
jects of one classification, or until some threshold of
tree complexity is reached. Many decision-tree al-
gorithms then go on to perform a pruning step which
removes excessive branches that do not contribute to
the overall tree accuracy (p. 214, Witten 2017).
Aside fromdecision tree based algorithms numer-
ous different forms of classifier exist, ranging from
simple rule based classifiers to complex neural net-
works, however selection of which algorithm to use
for a given problem is not straightforward. Increas-
ing the complexity of the algorithm selected does
not always equal an improvement in performance on
a given task and often simple algorithms may per-
form aswell or better than complex algorithms (Holte
1993). Given this, selection of an algorithm is often a
case of trying several and selecting the one thatworks
best on the task at hand. This process is further com-
plicated by the need to select hyper-parameters for
each algorithm — these are configuration variables
external to themodel which are not selected from the
data and include such things as variables specifying
how aggressively a decision tree will be pruned after
training (p. 171, Witten 2017).
In general, all work towards model selection and
tuning of hyper-parameters should be performed us-
ing the training data. Only once the final model and
hyper-parameters are selected are they evaluated on a
separate test-data set that is only used for final model
accuracy evaluation.
The need for this strict separation of training and
test stages comes from the risk of over-fitting the
model and, in association, over-estimating the mod-
els likely real world performance. Over-fitting is a
process bywhich a givenmodel comes through train-
ing to over-represent the particular features of the
training data rather the general trends also present in
the population fromwhich the training data is drawn
(Everitt et al. 2010). This process is illustrated in fig-
ure 8.3. An over-fittedmodel will have high accuracy
when applied to the training data, but when exposed
to new data will show a fall in prediction accuracy,
sometimes dramatically.
The risk of over-fitting increases with the num-
ber of variables in the model, use of automated vari-
able selection procedures, and pre-testing of multiple
models built in different ways (Babyak 2004). Train-
ing a model when there are multiple unknowns —
such as which variables to select for the model or
what specific machine learning technique would be
best to use— often becomes a balancing act between
exploration of the effects of different parameters on
model accuracy and avoidance of model over-fitting.
Interim assessment of model accuracy to allow
model selection and hyper-parameter tuning before
use of the test set can be achieved using a tech-
nique known as k-fold validation (where k is an in-
teger value). k-fold validation involves shuffling the
training-set, dividing the shuffled training-set into k
equally sized groups and then looping through each
group. Each group is then used as a test-set for a
model trained on the remaining k − 1 groups (p. 181
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James et al. 2013). This procedure produces k sub-
models and their accuracy can then be summarised
as an estimate of the accuracy of amodel trainedwith
the same parameters on the full training data. This fi-
nal model trained on all available data is expected to
performbetter than the sub-models due to the greater
size of data available for training. k is most com-
monly set to 10 (p. 184, James et al. 2013).
It is essential to avoid repeated testing ofmultiple
different models on the final test-set as this again
leads to overfitting, this time to the test data itself,
rather than to the training data, and is likely to lead
to an over-estimate of model accuracy which cannot
be detected without collection of new data to form a
new test set.
8.3.2 General approach
This section sets out the general approach taken to
training the machine learning models described in
the result sections.
Variable selection
The large number of variables collected from theMRI
studies for each participant made a single large ma-
chine learning model impractical due to the risk of
overfitting (Babyak 2004) and long computing time
required to train the algorithms. In addition, inclu-
sion of variables with little predictive power may re-
duce model accuracy by interfering with the learning
process by increasing the dimensionality of the data
without a corresponding increase in its efficacy for
prediction (Verleysen et al. 2005). Hence, an initial
decision wasmade to restrict the number of variables
used in model training.
In previous chapters, themajority of variables not
directly related to canal size (such as the presence
of fractures, herniation or measurements of spinal
alignment) did not significantly differ between NC
and LBP participants. This suggests they would be
unlikely to contribute to prediction accuracy and
were therefore excluded from the model. Demo-
graphic data,while potentially be of use inplacing the
canal measurements in context, were also removed
due to the minor differences in demographic features
betweenbetweenNCandLBPgroups (discussed in 3).
These differences most likely occurred secondary to
sampling error and are hence not representative of
realworld differences in these populations. Inclusion
of these variables could therefore spuriously increase
the estimate of model accuracy relative to their likely
real world performance. In addition, all previously
discussed data on presence of multi-level stenosis or
the number of stenotic levels per spine were also ex-
cluded on the basis of its general failure to improve
on classification accuracy over the measurements at
the most severe level.
A decision was also made to split the approach
into two separate strategies: one training models
based upon the summarymeasurements, for example
the mean and minimum DS-CSA per canal, and one
based upon the raw measurements alone without in-
clusion of summary measurements. This approach
kept the number of variables in any one model smal-
ler, and avoided duplication of measurement val-
ues within the data for each participant. The first
strategywill allowassessment of the value of combin-
ing information about the most severe sites of sten-
osis. The second strategy has, with a complex enough
model, the potential to effectively derive the vari-
ables present in the first strategy and information on
the presence of multi-level stenosis without this data
being manually calculated and provided.
Before training, the variable set for each strategy
was screened for near-zero variance variables —
those with one or very few unique values relative
to the number of samples. Such variables can cause
machine learning (ML) algorithms to crash or to pro-
duce unstablemodel fits (p. 4, Kuhn 2008). No prob-
lematic variables identified were for among the vari-
ables for the first strategy, but the variables for the
second strategy contained five variables with near-
zero variance: the Schizas grade at L5/S1, and the Lee
grade at both L1 and L2 bilaterally. These variables
were removed from the data-set.
TheMRI data setwas split into a training and test-
set based upon a 75∶25 ratio, with stratification of the
split based on the LBP/NC grouping to ensure the ra-
tio of LBP toNCparticipants remained similar in both
training and test-sets. Ten cross-validation foldswere
created from the training data and this processwas re-
peated 3 times to produce a total of 30 different folds
for interim assessment of model accuracy. Repeating
fold creation with averaging of model performance
across a larger number of folds gives a more robust
model assessment than using a single folding proced-
ure (p. 70, Kuhn et al. 2013).
Algorithm selection
Four machine learning algorithms were selected for
evaluation chosen to cover a variety of common ma-
chine learning approaches.
A classification and regression tree (CART) based
algorithm was selected (Therneau et al. 2019). De-
cision trees havemany benefits, including the ability
to handle both categorical and continuous data, with
little requirement for pre-processing to correct skew-
ness or other non-normal characteristics of the data.
Decision trees can also be inspected in a human read-
able way, allowing direct understanding of how the
decisions are being made, unlike many other ML al-
gorithms which effectively function as a black box (a
systems whose workings are not readily understood)
(James et al. 2013). Decision trees similarly allowana-
lysis of the relative importance of the different vari-
ables in the input data in terms of final classification
(Greenwell et al. 2020).
The second model chosen was a random forest
based model: ranger (Wright et al. 2017). Random
forest classifiers are ensemble classifiers that work by
constructing a multitude of decision trees during the
training stage, each based upon slightly different ver-
105
Chapter 8
Figure 8.4: Representation of the layers of a multi-layer perceptron.
sions of the training data. The output classifications
from the algorithm are produced by combining the
decisions of individual trees. This approach tomodel
construction often overcomes the tendency to over-
fit to the data seen with algorithms based upon indi-
vidual decision trees (p. 587, Hastie et al. 2001) while
retainingmany of the benefits listed in the paragraph
above. Random forest based algorithms are typically
more robust to changes in hyper-parameters than in-
dividual decision trees further reducing the risk of
overfitting.
A penalised logistic regression model was also
selected — the glmnet algorithm implemented by
Friedman et al. (2010). Binary logistic regression is
quick to train, often effective and is powered by the
multiple linear regression equation expressed in log-
arithmic terms. (p. 314, Field et al. 2012).
Finally, a multi-layered perceptron was chosen,
a form of feed-forward neural network, specifically
TensorFlow (Allaire et al. 2020b), an algorithm ori-
ginally developed byGoogle®, and accessed using the
Keras application programming interface (API) for R
(Allaire et al. 2020a).
The full workings of neural networks is outside
the scope of this thesis (and frankly outside my un-
derstanding) but roughly the network consists of
multiple layers of interconnected nodes which func-
tion in a manner somewhat like neurons, with nodes
being activated by input from the layer behind and
giving output to the layer in front (Witten 2017, p.
420, ). An input layer of nodes allows data to enter
the network, and an final exit layer ends the net-
work and emits classifications. The hidden layers
between the input and output layers are trained by
back-propagation of feedback from each classifica-
tion, and this feedback over the course of training
epochs shapes each nodes response to its inputs (fig-
ure 8.4). The great advantage of suchnetworks is that
they can potentially distinguish data that is not lin-
early separable (Cybenko 1989), but their disadvant-
age is their black-box like nature – it is difficult if not
impossible to understand why a trained neural net-
work is making its classifications. Due to the signi-
ficant computation time taken to train such an al-
gorithm on the hardware available to me, neural net-
work were trained as part of the second strategy only,
where the more complex data set was thought to be a
better fit for a neural networks potential strengths.
For each algorithm a range of possible hyper-
parameters were chosen (described further within
the results sections) with models trained for each
possible combination of hyper-parameters using the
cross-validation folds. The AUC achieved by each
model was averaged across all training folds for each
model/hyper-parameter combination. The standard
error for each mean was also calculated based on
variations in performance across the training folds.
The best combination of hyper-parameters was then
chosen for each algorithm by selecting the least com-
plex model across all hyper-parameter settings which
achieved an AUC within one standard error of the
best AUC achieved in the training stage. This tech-
nique of hyper-parameter selection was described by
Breiman (1998) and is designed to reduce model
complexity (and potential over-fitting) withminimal
compromise of model performance.
Data pre-processing
All necessary pre-processing of data was performed
using parameters selected based only on the train-
ing data, both within cross-folds and also on fi-
nal model training before application to the test-set.
Strict avoidance of pre-processing steps based on the
whole data set is essential to prevent over-estimation
of model accuracy by preventing data leakage. Data
leakage occurs when information about the test-set,
which would not be available in a real world applica-
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Measurement Min./Max. Measurement AUC Mean Measurement AUC
APD 0.62 0.63
DS-CSA 0.73 0.69
Schizas Grade 0.70 0.71
LRD 0.66 0.63
Bartynski Grade 0.74 0.77
NFD 0.67 0.72
Lee Grade 0.60 0.60
Table 8.2: A summary of AUCs for the ROC curves of the various measurements of spinal canal size, summarised
per participant as either the measurement at the spinal level most severely narrowed or the mean across all avail-
able measurements for that participant.
tion, becomes included in the training-set (Kaufman
et al. 2011). For example when normalising data for
model input, if the standard deviation and mean for
thenormalisationwere taken from thewhole data set,
rather than just the training set, information on the
standard deviation and mean of the test set would
leak into the training set when the normalisationwas
applied.
The pre-processing steps for all algorithms in-
volved correcting for the imbalance in the number
of LBP to NC participants. Such an imbalance com-
promises the processes of model training, as the
model will often tend to focus on the most prevalent
classification, optimising accuracy by simply predict-
ing everything to be the majority class (p. 64, Wit-
ten 2017). To avoid this the random over sampling
examples (ROSE) method described byMenardi et al.
(2014) was adopted. This is a way to reduce class im-
balance by random oversampling from the minority
class. This step was only performed during training
and was not applied to the final test-set to any avoid
potential distortion of final accuracy assessment.
One of the assumptions of logistic regression is
that all input variables are non-colinear and inde-
pendent (p. 342, Field et al. 2012). The variables
within the data-set for both strategies show marked
inter-variable correlation and are not truly independ-
ent. Generally this problem can be overcome by a
strategy of either “feature elimination” or “feature
extraction”. The former consists of manually select-
ing features for removal from the data-set, which in
this case would be made difficult both because of
the number of correlated variables and the relative
lack of information about which variables are most
likely to be useful to the model. The latter, in con-
trast, involves creating a set of new variables trans-
formed from the old variables in such a way that the
variability in the old data set is captured, but the
new variables are independent and non-correlated to
each other (p. 761, Field et al. 2012). This can be
achieved by a technique known as principle compon-
ent analysis (PCA), and has a beneficial side effect in
that it often allows the total number of variables to
be reduced by dropping those components contrib-
ute least to the overall variability in the data-set (p.
762, Field et al. 2012). It’s major downside is the new
variables are not interpretable in the way that the old
variable set is, as each new variable represents a com-
bination of multiple of the old variables. PCA pre-
processing was performed before logistic regression
model training, dropping the least important com-
ponents such that 90% of the original variance was
maintained. All data was centred and scaled before
the PCA was performed.
Machine learning algorithms do not always grace-
fully handle missing data (p. 70, Witten 2017) and
it was hence necessary to correct for this. Only a
single participant had missing data for the variables
required for the first strategy and this participant
was removed from the data set. Much more miss-
ing data was present within the variables required for
the second strategy, largely due to missing axial im-
ages, mostly at the L1/2 and L2/3 levels. This prob-
lem was further complicated by the collection of im-
ages at those levels being done at the discretion of the
performing radiographer and hence their presence or
absence being indicative of the radiographers judge-
ment as to whether those levels were potentially of
pathological importance — information it is neces-
sary to mask from the machine learning algorithms
(p. 62, Witten 2017).
Initial consideration was given to simply exclud-
ing the variables collected at the L1/2 and L2/3 levels,
but this strategy would make the remaining data
poorly represent those participants with narrowing
at those levels and hence was rejected. Alternat-
ively, missing data could be replaced by a stock “nor-
mal” value, assuming if the level was not imaged
that it was not pathological, but judging what this
value should be is fraught with difficulty and also
risks the algorithms learning to use that value as a
marker of the radiographers decision. Similar issues
plague use of an average measurement taken from
the availablemeasurementswithin each participant –
this ignores the normal differences in the spinal canal
between levels and would likely underestimate the
size of the relatively “non-pathological” levels that
were not imaged compared to the more likely to be
imaged “pathological” levels.
Instead a technique known as k-nearest neigh-
bours imputation was used (Venables et al. 2002). In
this technique missing values are replaced by aver-
ages taken from the same measurements in a cluster
of other participants who are close to the participant
in question in terms of their other available variables
(p. 42, Kuhn et al. 2013). This strategy avoids re-
107
Chapter 8
moving variables withmissing data, replacesmissing
values in a way that accounts for the level at which
they are taken, and avoids using values that are sim-
ilar enough to be potentially used as a marker of the
missing nature of the data at that level. While this
technique is also likely to underestimate the true un-
measured value of the measurement in most parti-
cipants, again due to the greater likelihood of ima-
ging being available at those levels showing narrow-
ing, enough levels with relatively minor degrees of
narrowing shouldbe available tomitigate this, partic-
ularly at the upper spinal levels where few measure-
ments met previously discussed criteria for stenosis
(see previous results chapters).
8.3.3 Strategy 1 results
Strategy 1, as previously described, involves train-
ing an ML models using only summaries of the most
severe and mean canal diameter per participant. For
reference, the AUC for these measurements for separ-
ating NC and LBP participants is shown in table 8.2.
The CART algorithm was trained with tuning of
three hyper-parameters: the cost complexity factor
(determines the aggressiveness of tree pruning), the
maximum depth of the tree and the minimum num-
ber of data points within a nodes required for the
node to be split further. The results of this tuning
process are shown in figure 8.6. In general algorithm
performance increased up to a maximum perform-
ance as the minimum node size approached 30 and
in maximum tree depths above 8. Cost complex-
ity had little effect on mean AUC within the central
part of its range. The tree selected from the train-
ing runs using the “one-standard error” heuristic de-
scribed above had a cost complexity of 1 × 10−10, a
tree depth of 4 and a minimum node size of 30 and
is shown in figure 8.5. Interestingly, the tree largely
relies upon Bartynski grading of nerve root impinge-
ment in the lateral recess and mean neural exit fora-
men diameter. Central canal measurements are only
used in one node which splits on the mean Schizas
grade. The DS-CSA is not used within the decision
tree. The output from the decision tree in terms of
predicted probability of belonging to the NC parti-
cipant group across all training folds is shown in fig-
ure 8.7. The selected model had a mean AUC of 0.73
(95% CI: 0.70 – 0.76).
The random forest algorithm was trained with
tuning of two parameters: the number of predictors
randomly sampled at each split when creating the
trees and theminimumnumber of data points within
a node required for that node to be split further. The
number of trees within the forest was held constant
at 1000 across all trained models. The results of the
tuning process are shown in figure 8.8. As expected
the algorithm was robust to hyper-parameter setting
(note the small range of the y axis) with a trend to-
wards increased AUC with increased minimum node
size and reduced number of sampled predictors per
split. The final selected model had a minimum node
size for further splitting of 18 with 2 predictors ran-
domly sampled for each split. This model had an
mean AUC across training folds of 0.78 (95% CI: 0.75
– 0.81) and its probability outputs are shown in fig-
ure 8.7. The importance of the different variables to
the trees predictions was estimated and is shown in
figure 8.9. Compared to the more simple CART al-
gorithm the random forest model relied much more
heavily on the Schizas grade, while retaining the im-
portance of the Bartynski grade of lateral nerve root
impingement.
The logistic regression model was trained while
tuning a single hyper-parameter: the total amount
of regularisation (penalty) in the model. The results
of the tuning process are shown in figure 8.10. The
effect of the penalty parameter was non-linear but
overall the logistic regression was fairly robust to the
hyper-parameter setting. Themodelwith a penalty of
1 × 10−4 was chosen which had a mean AUC of 0.76
(95% CI: 0.73 – 0.80). Again, its probability output
across training folds is demonstrated in figure 8.7.
8.3.4 Strategy 2 results
Strategy 2, as previously described, involves training
ML models for classification of participants into NC
and LBP groups using the raw measurements taken
from the MRI studies, without the use of summary
variables such as mean or minimummeasurements.
A neural network with 5 units in the hidden layer
was trainedwith tuning of twohyper-parameters: the
number of training epochs (i.e. the number of cycles
through the training data each neural network was
exposed to during training) and the proportion of
parameters randomly dropped out of the model dur-
ing training, a process which helps prevent overfit-
ting. The results of the tuning processes are shown
in figure 8.11. The selected model used 100 training
epochs and a dropout of 0.2. On the training data it
averaged an AUC of 0.81 (95% CI: 0.78 – 0.84). Of
note, the probability output from the selected neural
network (figure 8.7), unlike the other algorithms dis-
cussed thus far, did not center on 0.5 but was shif-
ted to the right, meaning the default 0.5 probability
cut of for predicting participants as being in the LBP
or NC group was inappropriate. To correct for this,
Youden’s J statistic was calculated for all points on
a ROC curve drawn from the training fold perform-
ance and the probability cut off whichmaximised the
J statistic (a threshold of 0.842) was selected for use
in the test stage (figure 8.12).
Random forest models were also trained for
strategy 2, tuning the same hyper-parameters used in
strategy 1 (figure 8.13). With the raw data the ran-
dom forest algorithm again showed a trend towards
increasing mean AUC with reduction in the number
of randomly sampled predictors per split. There was
however no clear trend in the effect of the minimum
node size. The selected model had a minimum node
size of 2 and 1 randomly sampled predictors per split.
This model had an average AUC of 0.78 (95% CI: 0.75
– 0.81). Figure 8.14 shows estimated input variable
importance for the selected model. Again, qualitat-
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Figure 8.5: The structure of the decision tree selected from those trained using the “one-standard error” heuristic. Notes:
N in the root node is larger than the total participant number due to the ROSE re-sampling process; single classification out-




Figure 8.6: Results of hyper-parameter tuning for the CART algorithm. Mean AUC across training folds is plotted against
complexity cost, with separate plots for maximum tree depth and colour representing minimum node size.
ive grading systems were judgedmore important, the
Schizas grade at L3/4, and grading of nerve root im-
pingement in the lateral recess and lower neural exit
foramina playing the most important roles in model
predictions. In a similar way to the probability out-
put seen for the selected neural network model, the
predicted probability of NC group membership out-
put from the model were again not centred on 0.5,
this time shifted slightly to the left (figure 8.7). An
optimum output probability threshold of 0.448 was
found using Youden’s J statistic.
Given the relatively poorer performance of the
CART algorithm in strategy 1, and instability of lo-
gistic regression fit on the raw data (showing very
marked variation with hyper-parameter tuning) the
performance of these algorithms were not explored
further in strategy 2.
8.3.5 Final model selection and test perform-
ance
A summary of the selected model performance for
all algorithms across both strategies is shown in fig-
ure 8.15. Based on this, the neural network and
strategy 2 random forest based model’s were chosen
for final evaluation on the test set.
ROC curves for the performance on the test set
is presented in figure 8.16. The AUC for the final
neural network model’s performance on the test set
was 0.71, and the AUC for the final random forest
model was 0.75, both showing a significant fall in
AUC compared to there predicted accuracy in the
training stage; almost certainly representing overfit-
ting, more pronounced for the neural network, des-
pite the efforts taken to prevent this. At the predicted
probability thresholds selected from the training data
the neural network model showed a sensitivity of
77% and a specificity of 60% and the random forest
showed a sensitivity of 60% and a specificity of 80%.
Sadly, their performance did not improve upon that
of the summary measurements discussed in earlier
chapters.
8.4 Modeling nerve root compression
8.4.1 Introduction
Asdiscussed in theChapter 1, the generally presumed
mechanism for generation of NC symptoms is nerve
root compression. In addition, some have theorised
that multi-level low-level compression plays a role
in symptom generation through inhibition of venous
return to both draining veins at the neural exit fora-
men and conus R. W. Porter et al. 1992.
If both NC symptoms are truly related to the
presence of nerve root compression in the lumbar
spine (with NC symptoms occurring with increas-
ing probability as the number of nerve roots either
compressed or multiply compressed for a single in-
dividual increases) and nerve root compression can
be reliably predicted at a given site on an MRI scan,
then we can hypothesise that an algorithm to detect
and count the number of nerve root compressed or
multiply compressed within the lumbar spine based
on a set of measurements from a lumbar spine MRI
wouldbeofutility in separatingNC fromLBPpatients
and would do so with higher accuracy than the use
of the single measurement types assessed in previ-
ous chapters. In, addition, we can hypothesise that
the number of nerve roots judged to be compressed
or multiply compressed would relate to the degree
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Figure 8.7: Graphs displaying the predicted probability of participant groupmembership across training folds for themodels
selected after hyper-parameter tuning.
of symptom severity within patients with NC symp-
toms.
An algorithm to assess the degree of nerve root
compression within the lumbar spine could be ima-
gined to follow the following steps:
• For each nerve root extending through
the lumbar canal:
– For each lumbar level, moving from
L1 to L5:
* If the nerve root is in the central
canal: Check central measurement
for compression
* If the nerve root is in the lateral
recess: Check lateral measurement
for compression
* If the nerve root is in the neural
exit foramen: Check foraminal
measurement for compression
* If the nerve root has left the
canal: Continue to next nerve
root
– Based on the above judge whether
the nerve root is compressed at a
single site or multiple sites
• Based on the above count the number
of nerve roots judged to be compressed
and/or multiply compressed.
When trying to implement such an algorithm, we
would however not know at what threshold level of
a measurement to consider indicative of nerve root
compression or how to combine information from
the qualitative and quantitative information sources
available to us. However, if the algorithm does in-
deedworkand is predictive of thepresenceofNCwith
some combination of thresholds and a given rule on
how to combine themeasurements, this combination
can be found by brute force – trying all possible com-
binations of thresholds and selecting the combina-
tion that gives the algorithm the the most predict-
ive power. Care must be taken that such a process
does not simple choose a combination of thresholds
that happens to work because it fits the quirks of
the data-set rather than being representative of the
underlying disease process (in a similar way to the
overfitting problem seen inmachine learning section
above). We can have more confidence that this has
not occurred through following a similar procedure
to that used in the following section, by splitting the
available data into a training and test-set, selecting
the threshold combination based upon its perform-
ance on the training-set and then seeing if it retains
the same performance in a withheld test-set.
Of note, while such an algorithm could poten-
tially be arrived at in alternate form by the ma-
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Figure 8.8: The results of hyper-parameter tuning for the random forest based models trained on summary measurement
data. The graph on the left shows the effect of minimum node size, while the graph on the right shows the effect of the num-
ber of sampled predictors. Note the logarithmic X axis and small range of the Y axis.
Figure 8.9: An estimate of variable importance to the selected random forest model trained using summary measurement
data. Bars for the highest ranking 10 variables are shown.
chine learning algorithms discussed in the previ-
ous sections, it would require a significant degree of
model complexity. Generation of highly complex al-
gorithms require a large amountof data for training to
avoid overfitting. Overfitting was seen within the se-
lectedMLmodels discussed abovedespite the specific
attempts to reduce model complexity. We can there-
fore assume that either such amodel is not predictive
of NC/LBP group status (and therefore was not pro-
duced by the training process), or was too complex to
be generated given the controls onmodel complexity
and size of the training data.
The following sections describe the attempt to
produce a software program to implement the al-
gorithm above, find the best threshold combination
for its application, and test its accuracy in predicting
the presence of NC symptoms and associated symp-
tom severity.
8.4.2 Algorithm implementation
The full code for the implementation of the algorithm
above, written in Python 3, is included inAppendixD
and illustrated schematically in figure 8.17.
Within theprogramrelateddata and the functions
which act on that data are grouped into classes. A par-
ticular instance of a class is called an object (for ex-
ample, for a class called dog, a particular dog called
Rufus might exist and would be considered an object
of that class). Within a program multiple objects of
a particular class can be created, each storing their
own data and functions in a template laid out by the
design of that class. This programmingmethodology
is known as object orientated programming (Kindler
et al. 2011).
All collected MRI data was stored in a table, with
one row per participant, and each column represent-
ing a measurement taken from that MRI scan.
A class called participant was created to hold all
information relating to a particular real-life parti-
cipant within the data-set. When the program is first
run, one participant object is created for each row in
the table of MRI data.
Each participant object once created, stores the
measurements taken fromthat participantsMRI in an
object of a class calledmeasurements, which exists to
make it easier for other parts of the program to access
that data. Themeasurements object extracts from the
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Figure 8.10: The results of hyper-parameter tuning on the logistic regressionmodels trained on summarymeasurement data.
Figure 8.11: The results of hyper-parameter tuning on the performance of the neural network models trained on raw meas-
urement data.
data table the DS-CSA, Schizas grade, LRD, Bartyn-
ski grade, NFD and Lee grade for each lumbar level
and side for that participant where available — i.e.
one quantitative and one qualitative measurement
for each central canal, lateral recess and neural exit
foramen per spinal level.
The participant object then creates and stores two
objects of a class called nerve root for every spinal
level between L1 and S2, one for each side of the body.
The nerve root class is designed to store information
related to the measurements from the MRI study rel-
evant to that nerve root.
The nerve root objects use their spinal level and
side to work out the sites in the canal where they
can be compressed: 2 levels above their exit from the
canal they consider themselves to be in the central
canal, 1 level above their exit they consider them-
selves to be in the lateral recess, and at the level of
their exit they consider themselves to be in the neural
exit foramen. Once this is done the nerve root ob-
jects then get the relevant quantitative measurement
of canal size and qualitative impression of nerve root
impingement from the measurement object for each
site (central canal, lateral recess or neural exit fora-
Figure 8.12: A plot of Youden’s J statistic against neural network output probability for NC groupmembership. The statistic
was calculated from all points on the ROC curve for the performance of the selected model during training folds. The red line
represents the chosen probability threshold for use in the test phase.
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Figure 8.13: The results of hyper-parameter tuning for the random forest based models trained on raw measurement data.
The graph on the left shows the effect of minimum node size, while the graph on the right shows the effect of the number of
sampled predictors.
Figure 8.14: An estimate of variable importance to the selected random forest model trained using raw measurement data.
Bars for the highest ranking 10 variables are shown.
men) where they could potentially be compressed.
The user specifies a range of possible thresholds
and a step size within that range to be tried for each
measurement of canal size (e.g. DS-CSA between
50 and 160 mm2, with steps of 10 mm2, all Schizas
grades between A and D, etc…). The program then
iterates through all possible combinations of these
thresholds.
Each combination of thresholds is passed to each
to each participant object in turn. The participant
objects then checks each of its associated nerve root
objects against that combination of thresholds and
counts thenumber ofnerve roots predicted tobe com-
pressed at one site ormore (the number of nerve roots
compressed (NNC)), and the number of nerve roots
predicted tobe compressed atmore thanones site (the
number of nerve rootsmultiply compressed (NNMC))
for each participant.
When a nerve root object decides if it is com-
pressed at a given site within the canal it makes this
decision based on a rule about how it should combine
the information from the available quantitative and
qualitative measurements. One of four possible rules
are used, decided by the user in advance:
• Rule QUANT — if the quantitative measurement
at the site of possible nerve root compression is be-
low the provided threshold for that measurement,
thenerve root is considered compressed at that site.
Qualitative measurement data is ignored.
• Rule QUAL — if the qualitative grading scheme
at the site of possible nerve root compression is
beyond the provided threshold for that grading
scheme, the nerve root is considered compressed
at that site. Quantitative measurement data is ig-
nored.
• Rule AND — in order for a nerve root to be con-
sidered compressed at a given site, the quantitat-
ive and qualitative measurement at that site must
meet their respective thresholds.
• Rule OR — in order for a nerve root to be con-
sidered compressed at a given site, either the
quantitative or qualitative measurement at that
site must meet their respective thresholds.
The final output for the program consists of a
table of every threshold and combination rule tried
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Figure 8.15: A summary of selected model performance in the training stage, with the dot representing the mean AUC and
error bars showing the 95% confidence interval.
Figure 8.16: ROC curves showing final model performance on the test data.
with the associated predicted NNC and NNMC for
each participant.
The program was initially run using the QUANT
and QUAL rules with the thresholds ranges below:
• Quantitative thresholds:
– DS-CSA between 30 and 180mm2 with step size
of 10 mm2
– LRD between 0 and 8mmwith step size of 1mm
– NFD between 0 and 8mmwith step size of 1mm
• Qualitative thresholds:
– Schizas grades between A and D
– Bartynski grade between 0 and 3
– Lee grade between 0 and 3
To ensure the program was working as expec-
ted, the mean predicted NNC and NNMC was plot-
ted against input threshold values for each measure-
ment (figure 8.18 and8.19). As the various thresholds
assessed increased in size for quantitative measure-
ments, or decreased in severity for qualitative grading
schemes, both the mean NNC and NNMC predicted
by the programwould be expected to increase asmore
and more nerve roots fulfilled the criteria for single
site compression and multi-site compression. This
would continue until the point that all nerve roots
that could be considered compressedwere considered
compressed for each participant. The output from the
algorithm was consistent with this prediction sug-
gesting that the program was working as intended. 1
For each threshold of any one measurement tried the
graphs demonstrate a large range of predicted NNC
and NNMC values — this effect is caused by the in-
teraction with the other thresholds also being tried
by the program for any one point. This is demon-
strated in figure 8.20, where the points on the graph
of the mean predicted NNC per participant has been
plotted against the DS-CSA threshold used and each
point has been coloured according to the LRD and
1In reality the first time the programwas run the NFD threshold did not appear to have any effect on the number of nerve roots considered
compressed. After some bug hunting this was found to be due to a typographic error in the part of the program that checked the NFD meas-
urements against their associated threshold. The mistake caused the program to never consider a nerve root compressed within the foramina
when using the QUANT or AND combination rules.
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Figure 8.17: The basic structure of the program written in Python 3 to predict nerve root compression based upon the data
collected from lumbar spine MRIs. Each blue box represents a class which collects together data (yellow boxes) and a set of
functions (red boxes). Inputs to the algorithm are shown in the green box, and outputs in the purple box. Arrows show in-
formation flow between the various functions. “Init” are run when an object of a particular class is created.
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Figure 8.18: The mean NNC and NNMC per participant is plotted against the quantitative measurement thresholds tested
by the program. The blue lines are drawn to highlight the general trend in the data. The data was produced using the QUANT
combination rule to remove the effect of the qualitative grading measurements.
Figure 8.19: The mean NNC and NNMC per participant is plotted against the qualitative grading scheme
thresholds tested by the program. Separate graphs are shown for predicted single and multi-level nerve root
compression. The data was produced using the QUAL combination rule to remove the effect of the quantitat-
ive measurements. All grading systems were converted to 4 point integer scales between 0 and 3.
NFD thresholds used for the same point.
8.4.3 Choosing the best threshold combina-
tion
After the program has been run, two ROC curves can
then be build for each threshold combination: One
assess the ability of the number of the predicted NNC
per participant to separate LBP and NC participants
and the second assesses the ability of the predicted
NNMC per participant to separate LBP and NC parti-
cipants.
In order to select the best combination of possible
thresholds for use with the program, the AUC for the
ROC curves for each combination of thresholds was
plotted against the threshold values used for each
measurement.
First, the output data from the run of the pro-
gram using the QUANT combination rule was con-
sidered (figure 8.21). Using this rule removes the ef-
fect of the qualitative thresholds and measurements,
meaning the effect of the DS-CSA, LRD and NFD
threshold can be seen in relative isolation. The AUC
could be seen on average to reach a peak when us-
ing a DS-CSA between 60 and 1002 and a NFD of 6
or 7 mm with little difference between the plots for
the predicted NNC or NNMC per participant. Inter-
estingly, the AUC generally increased with reducing
LRD threshold when using the predicted NNC but
that trend was reversed when using the NNMC.
Second, the output data from the run of the pro-
gram using the QUAL combination rule was con-
sidered (figure 8.22) using this rule to remove the
effect of the quantitative thresholds and measure-
ments. When a Schizas grade threshold of A was
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Figure 8.20: Themean predicted NNC per participant is plotted against the DS-CSA thresholds tested by the program. Points
are coloured either by the LRD (left) or NFD (right) measurement threshold used by the program for the same data point.
used, i.e. where every nerve root was always con-
sidered compressed in the central canal very poor
AUCs were seen, as would be expected. A large jump
in AUC was seen at thresholds of grades B or above.
Similar but smaller effects were seen for the Bartyn-
ski threshold and Lee thresholds.
All possible qualitative grade thresholds, and
a smaller range of quantitative thresholds, chosen
around the peaks in AUC shown in figure 8.21
were then explored using the AND or OR combin-
ation rules. The reduction in range of quantitat-
ive thresholds to just those likely to contain the
maximum AUC achievable was needed to reduce the
amount of required computing time. 2
The performance across all tried combinations of
thresholds and combination rules, both when us-
ing the predicted NNC and NNMC, is shown in fig-
ure 8.23. Use of the NNMC did not improve on AUCs
compared to theNNC and the best performing overall
combination rule was ANDwhen using the predicted
NNC (TheOR rule had outliers with higher AUC than
those of the AND rule but the median performance
across all threshold values was much poorer).
In order to select the best possible combination
of threshold measurements to use with the AND
combination rule, plots comparing AUC to the in-
put threshold measurements were again created (fig-
ures 8.24, 8.25 and 8.26). Median AUC across all
thresholds reached a peak with a DS-CSA threshold
of 60 mm2, LRD of 4 mm, NFD of 5 mm, Bartynski
grade of 2, Lee grade of 0 and Schizas threshold of 2.
ThemedianAUCwasused to select the thresholds be-
cause it was thought more likely to represent the true
effect of the changing threshold, rather than the up-
per bound of AUC which was thought to have higher
risk of being a quirk of the data being evaluated.
The use of a Lee grade threshold of 0 means that
all nerve nerve roots would be considered qualit-
atively compressed within the neural exit foramina
by the program. This is prevented by the AND
combination rule which also requires the threshold
NFD measurement to be met for a nerve root to be
considered compressed. Hence with this Lee grade
threshold only the neural exit foramen depth has
an effect on whether a nerve root is judged to be
compressed at foraminal sites. The fact this max-
imises the AUC is perhaps unsurprising given the
poor classification performance of the Lee grade com-
pared to NFD seen when using single measurements
alone (see table 8.2). This sort of interaction between
the various thresholds and the effectiveness of the
given measurements for separating LBP and NC par-
ticipants is likely behind other effects such as the
reversal of the trend of the AUC with changing
LRD threshold comparing NNC and NNMC for the
QUANT rule data discussed earlier.
This combination of thresholds with the AND
combination rule resulted in an AUC of 0.78 (95% CI:
0.72 – 0.84) on the training data, with an optimal
cut-off of 2 or more nerve roots predicted to be com-
pressed to predict a participant having NC and giving
a sensitivity of 80.0% and specificity of 62.0%. When
applied to with-held test data the AUC was also 0.78
(95% CI: 0.68 – 0.88) — figure 8.27. This AUC was
higher than the best performing single measurement
for identifying NC participants — the mean Bartyn-
ski grade with AUC of 0.76 — and the AUC for the
minimum DS-CSA per participant (AUC of 0.73), but
these differences did not reach significance. There
was no significant correlation between the number
of nerve roots predicted to be compressed with this
combination of thresholds and the patients symptom
severity.
2A total of 1936 threshold combinations were tried for the QUANT rule, 63 for the QUAL rule (where only 4 possible grades for each of the
three grading systems had to be tested) and 20160 combinations for each of the AND and OR rules, even with the reduced range of quant-
itative thresholds used. For each combination of thresholds the program must predict the compression of 5838 nerve roots (14 nerve roots
per 417 participants). Without parallelisation, the program took more than 3 hours to complete on my computer for each of the latter two
combination rules, though I’m certain a better programmer could optimise the program extensively and this could be also be improved by
switching to a compiled language.
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Figure 8.21: The effect of quantitative thresholds on the classification accuracy for NC/LBP group status. Only data from the
QUANT combination rule is included, meaning qualitative grading scheme thresholds were ignored when creating this data.
Figure 8.22: The effect of qualitative grading scheme thresholds on the classification accuracy for NC/LBP group status.
Only data from the QUAL combination rule is included, meaning quantitative thresholds were ignored when creating this
data. The Schizas threshold is shown as a numeric scale with 0 representing grade A, 1 representing grade B, etc.
Figure 8.23: The effect of the combination rule used on the classification accuracy of the NNC andNNMC for NC/LBP status.
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Figure 8.24: The effect of the DS-CSA threshold on the classification accuracy for NC/LBP status of the number of nerve
roots predicted to be compressed at at least one site when using the AND combination rule.
Figure 8.25: The effect of the LRD and NFD threshold on the classification accuracy for NC/LBP status of the number of
nerve roots predicted to be compressed at at least one site when using the AND combination rule.
Figure 8.26: The effect of the qualitative grading system thresholds on the classification accuracy for NC/LBP status of the




This chapter presented the results of various
attempts to combine the numerous measurements
taken from eachMRI spine to improve upon the abil-
ity of the any one measurement type to separate NC
and LBP patients compared to the performance seen
in earlier chapters.
First, the predicted stenosis ratio, based upon
the measurement first suggested by Laurencin et al.
(1999), was introduced. This measurement used the
APD as a marker of canal size unaffected by degen-
erative change, and used it to transform the DS-CSA
measurements in a way which hopefully made the
measurementmore representative of the degree of de-
generative narrowing and less dependent upon the
normal variation in the non-degenerative size of the
canal. The resultant transformed measurement more
closely correlated with qualitative features of central
canal stenosis than the unmodified DS-CSA, but the
transformation did not improve its ability to separate
NC from LBP participants or its correlation with clin-
ical severity scores.
Second, 4 different machine learning algorithms
were trained to separate NC from LBP participants,
either on the rawmeasurements taken from theMRIs
of the lumbar spine, or on the mean and most severe
measurements per participant. In general the models
trained on the raw measurements performed slightly
better in the training phase and the neural network
and random forest based models trained on this data
were then tested on test data, withheld from model
training. Despite good classification performance in
the training stage, a fall in performance was seen on
the test data, likely representing overfitting, and the
overall classification performance did not exceed that
of the best performing single measurements.
Finally, a software program which attempted to
simulate nerve root compression across a large com-
bination of different potential definitions of stenosis
in the central canal, lateral recess and neural exit
foramen was introduced. Given a set of threshold
combinations to check and a rule on how to com-
bine measurements taken at the same site, the pro-
gram output the number of nerve roots it thought
was compressed within the canal of each participant.
The ability of these numbers to separate NC from
LBP participants was found for each threshold com-
bination, and the best performing combination was
found manually by inspection of graphs of the vari-
ous thresholdmeasurements plotted against the clas-
sification performance. The final classification abil-
ity of the program with the selected threshold com-
binationwas then tested on a test set ofwithheld data
and the overall classification accuracy with the se-
lected threshold set was higher than any previously
tried method in this thesis. Despite this, the differ-
ence with the best performing single measurements
did not reach statistical significance. Of note, only
counting nerve roots thought compressed at two or
more sites did not improve the accuracy of the pro-
gram, despite the postulated role of multi-site com-
pression in NC symptom generation.
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Figure 8.27: TheROC curves for the predicted number of compressed nerve roots produced by the programusing the selected




9.1 Discussion: thesis aims and research questions
The overall aim of this thesis was to work to-
wards a clinically meaningful definition of ana-
tomical lumbar spinal stenosis, which is currently
conspicuously absent from both clinical guidelines
(Kreiner et al. 2013) and from the literature in general
(Andreisek et al. 2011)
In § 1.7, three main research questions aimed
at working towards this goal were defined: what
imaging features are associated with neurogenic
claudication, is there a relationship between spinal
canal size on MRI and severity of clinical presenta-
tion in symptomatic LSS, and what is the best way to
measure narrowing of the spinal canal on MRI? The
contribution towards answering the first two ques-
tions made by the results of the presented observa-
tional study are discussed in the following sections.
The final question will be answered in the final con-
clusion of this chapter.
9.1.1 What findings are associated with neuro-
genic claudication?
One of the major challenges faced by research in-
volving imaging based tests for the diagnosis of
symptomatic lumbar stenosis is the lack of an ac-
cepted reference standard which has clinical relev-
ance that goes beyond simply confirming the accur-
acy of depiction of anatomy, and instead allows a
judgement about the patients true underlying dis-
ease status. In § 1.7 the different approaches found
in the literature aiming to work around this limit-
ation were discussed alongside their various limita-
tions. Furthermore, it was noted that studies assess-
ing imaging in symptomatic LSS patients in general
struggle with implicit bias introduced by the fact the
very definition of symptomatic LSS (and hence the
patient population studied) includes the requirement
for an imaging based judgement about the presence
of canal narrowing, however defined. The need for
a new approach to finding an definition for anatom-
ical LSS which avoided this problem was expressed,
and it was proposed to start from first principles by
looking for MRI findings (canal measurement based
or otherwise) which separated patients with the key
clinical feature of lumbar spinal stenosis, neurogenic
claudication, from other individuals, while avoiding
patient groups selected based upon radiological cri-
teria or other reasoning about the underlying disease
process. The hope was that the measurement that
best separated symptomatic from non-symptomatic
individuals, without the sources of bias noted above,
would potentially have pathological significance and
act as a starting point for a definition of anatom-
ical LSS. This definition would then need validation
through further studies to assess its prognostic and
treatment implications.
In § 2.4, a systematic review of papers com-
paring imaging findings in a case population with
neurogenic claudication to a variously defined con-
trol group was presented. 14 papers were included,
and generally found evidence of smaller DS-CSAs, ef-
facement of CSF space around the cauda equina and
increased ligamentum flavum size. All but one in-
cluded paper fell into the bias trap described above
by studying symptomatic LSS populations and either
implicitly or explicitly separating patient groups by
imaging based criteria. Only a single paper avoided
this, Hamanishi et al. (1994), who showed smaller
DS-CSA measurements in NC patients and higher
levels of multi-level stenosis compared to the control
group. This analysis however was on a vertebral level
by level basis, limiting its interpretability and the pa-
per did not attempt to find a threshold DS-CSAmeas-
urement for separating the case and control popula-
tions. There were numerous other significant flaws
in the included papers, including a failure to record
whether MRI observers were blinded to the case or
control group status of the patients in 11 of the 14 pa-
pers including in Hamanishi’s.
The observation study presented in Chapter 3
through 5 aimed to address these issues. Its case
population was participants recruited as part of the
BOOST RCT, which included patients purely based
upon a clinical presentation of neurogenic claudica-
tion symptoms. Recruitment was from both com-
munity and secondary care settings, helpful in in-
cluding a larger range of potential symptom sever-
ity and avoiding accidental selection of participants
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with smaller canals through higher rates of GP to sec-
ondary care referral or secondary care follow-up in
the presence of an abnormal MRI. In addition, MRI
observers were blinded to case or control participant
status when assessing each MRI study.
The central canal
Three main methods of assessing central canal sten-
osis were assessed: the APD, the DS-CSA and the
Schizas grade.
The APD measurement behaved in a manor con-
sistent with a marker of the developmental size of
the canal. It did not correlate with the patients age,
and showed no clear trend with qualitative features
of degenerative stenosis as represented by the Schizas
grade. Almost no included patients met Verbiest’s
1954 original definition for developmental stenosis,
consistent with the degenerative aetiology of sten-
osis in our largely elderly patient group. The APD,
unsurprisingly therefore, had the poorest power to
discriminate NC from LBP participants of the cent-
ral measurements, with an AUC of 0.62 for the
minimummeasurement per participant, significantly
worse than the performance of theminimumDS-CSA
measurement.
The DS-CSA and Schizas grades while perform-
ing better than the APD measurements, also showed
significant overlap in their distributions between NC
and LBP participants with resultant AUC values for
both mean and most severe measurement per par-
ticipant of between 0.69 and 0.73. No significant
difference in AUC values was found between these
measurements.
Interestingly, the optimum threshold for themin-
imum DS-CSA per participant, minimising false pos-
itives and false negatives equally, was found to be
91.5 mm2, with a sensitivity of 63.7% and specificity
of 73% for the presence of NC symptoms. This
threshold lay between the 100 mm2 and 75 mm2 val-
ues popularised by Schönström as relative and abso-
lute stenosis respectively (Schonstrom et al. 1985).
Reducing the threshold to the 75 mm2, the threshold
Schönström thought would reproducibly result in a
intra-dural pressure rise (Schönström et al. 1988), in-
creased the specificity to 84.1% (with 52.9% sensitiv-
ity).
Similarly, for the most severe Schizas grade per
participant, the optimumthreshold,minimising false
positives and false negatives equally, was found to
be Grade B, with 73.0% sensitivity and 62.1% spe-
cificity. If instead a grade C was used, the specificity
increased to 85.7%, while sensitivity became poor at
48.4%. Grade C and D grades have been suggested
as surgically treatable disease by Schizas (as opposed
to A and B where he thought conservative manage-
ment should be tried in preference). This was based
on the fact that grade C and D patients seemed more
likely to fail conservative management (Schizas et al.
2010) and Grade C and D patients appear to show
greater odds of showing good post surgical improve-
ment (Mannion et al. 2017).
One criticism that has been levied at use of quant-
itative measurements, such as the DS-CSA, for meas-
uring stenosis is that absolute values of such meas-
urements fail to take into account the normal non-
degenerate size of the canal for that given patient and
spinal level (Andreisek et al. 2011) — the implication
being that relative canal narrowing may be more im-
portant than absolute canal narrowing.
In § 1.3.4 we noted evidence from the literature
suggesting that: taller individuals have larger bony
canals, that the evidence for gender based differences
in canal sizes was unclear, and that there was reas-
onable evidence for differences in canal size between
different ethnicities. In the currently presented
study height was weakly positively correlated with
the mean DS-CSA and mean and minimum APD.
There were also positive correlations between height
and mean lateral recess depth, thought no relation-
ship was found with the neural exit foramen dia-
meter. No significant difference in any central canal
or foraminal measurements between gender or eth-
nicity groups was identified, though minimum and
mean lateral recess depth per participant were smal-
ler in men compared to women. We should however
note thatmeasurements in our participant groups are
likely to be distorted by degenerative change (aside
from the APD) and hence may not reflect variation
in the non degenerative canal. The study was also
not designed to assess for differences in canal meas-
urements between ethnicities and had largely White
British participants in both NC and LBP populations,
meaning the statistical power for detecting differ-
ences in canal size between ethnicities is likely to be
low. It should also be noted that absolute differences
in canal size between any of these groups, even when
statistically significant, were relatively small, both
when considering our own study and other published
studies.
Asnoted in§8.2, the onlymeasurement of lumbar
canal narrowing foundwithin the literaturewhich at-
tempted to measure canal narrowing relative to the
canals non-degenerate size was Laurencin’s stenosis
ratio (Laurencin et al. 1999). The ratio was taken as
the ratio of the disc level DS-CSA to the pedicular
DS-CSA (the latter thought to be relatively invariant
with degenerative change). This idea however does
not appear to have taken off, with only one further
paper to my knowledge making reference to it, find-
ing smaller stenosis ratios in surgically managed pa-
tients LSS participants compared to those conservat-
ively managed, but no significant correlation with
preoperative ODI or ODI improvement post surgery
(Schizas et al. 2010).
It was not possible to measure the stenosis ratio
directly on our data set due to absence of axial ima-
ging at the pedicular level on the majority of stud-
ies. Instead a technique was described involving fit-
ting a linear model between the APD and the DS-CSA
across all participants, and then producing a ratio
measurement for each level imaged by dividing the
disc level DS-CSA with the DS-CSA predicted from
the participants APD at the same level. The idea be-
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ing, that the variability of the DS-CSA that could be
explained by the APDmeasurement likely represents
non-degenerate variation in canal size and hence by
removing it the ratio measurement comes to more
closely reflects the degenerative changes and narrow-
ing relative to the non-degenerate size of the canal.
In support of this, the “predicted stenosis ratio” was
found have a higher strength of correlation with the
Schizas grade than the un-modified DS-CSA. Despite
this, the predicted stenosis ratio did not show any
improvement in differentiating NC from LBP com-
pared to the un-modified DS-CSA. It is possible that
this technique failed because the linear model used
for producing the predicted DS-CSAs has an over-
representation of stenotic levels, given the patient
populations included in this study, and that better
performance would be observed if it were fitted using
a larger, less degenerate spectrum of the population.
Perhaps of more relevance to the quantitative
definition of central canal stenosis is the changing
volume of neural material in the canal. Nerve roots
leave the canal at each lumbar level, meaning the
volume of neural tissue within the canal, and hence
the DS-CSA required for compression, should pro-
gressively reduce moving inferiorly. This effect can
be seen in the relationship between DS-CSA and
Schizas grade shown in figure 4.6, where progress-
ively smaller median DS-CSAs were required to res-
ult in a given Schizas grade of B or above when mov-
ing inferiorly. Schömström noted that the apparent
volume of neural tissue and other tissue in the canal
reduced by a cross-sectional area of around 10 mm2
between L2 and L4, based upon thresholds of cross-
sectional area reduction required for intra-dural pres-
sures to rise in cadaveric specimens. The effect of
changing nerve room volume seems comparatively
greater in our current study, based on inspection of
figure 4.6. A single quantitative threshold defin-
ing central canal stenosis will not account for this
variable requirement of narrowing to produce com-
pression and no easy way of accounting for this ef-
fect with quantitative measurements seems possible
without having different definitions of stenosis per
spinal level. These problems are in favour of the
qualitative grading systems like that of Schizas et al,
which are not vulnerable to these problems.
On a related point, quantitative measurements
of the canal also face the criticism that they are de-
pendent upon slice angulation relative to the canal.
Henderson et al. (2012) found by reconstructing 3D
MRI sequences that the DS-CSA could vary by up to
32% within even 10◦ of induced slice angulation, well
within the range of error in slice angulation relative
to the dural-sac likely to be induced by normal slice
placement by radiographers. In contrast the Schizas
grading was found to be highly robust to changes in
slice angulation of up to 30◦. This must however
be balanced against measurement reliability — we
found excellent inter-rater and intra-rater reliability
for theDS-CSAbut amoremoderate reliability for the
Schizas grade, which obviously depended uponmore
subjective judgement for assessment. Several weak-
nesses regarding edge cases which likely contributed
to the lower reliability were discussed in § 4.1. Work
to provide further definition on how to handle such
cases and further observer training would likely im-
prove upon the presented reliability scores.
The lateral recess and neural exit foramen
Studies investigating symptomatic LSS often focus
on investigating the pathological significance of
central canal narrowing. Of the studies included in
the scoping review presented in § 2.1, the few that
included a defined radiological definition of sten-
osis used central measurements of the canal. Simil-
arly, for those studies investigating the relationship
between NC symptoms and control groups, no in-
cluded paper studied the effects of lateral recess or
foraminal measurements. Lateral recess stenosis and
foraminal stenosis seem often considered a related
but separate pathological entity linked to compres-
sion of a single nerve root (C. K. Lee et al. 1988), per-
haps because in isolated stenosis, they typically only
involve a single nerve root and therefore are thought
of more in terms of radiculopathy type presentations
in the minds of clinicians where clinical syndromes
such as NC are more commonly linked in the second-
ary literature to more generalised cauda equina com-
pression (Katz 2008).
In the presented observational study, close re-
lationships were seen between measures of central
canal stenosis and those of the lateral recess and
neural exit foramen (§ 5.3 and 6.3). The lateral re-
cesses depth was strongly positively correlated with
theDS-CSA, and nerve root entrapment in the central
canal (i.e. a Schizas grade greater thanB)was strongly
predictive of nerve root impingment in the lateral re-
cess (a Bartynski grade of greater than 2). Similarly,
the neural exit foramen depth correlated with both
the DS-CSA and LRD from the same side, and qual-
itatively judged central or lateral recess nerve entrap-
ment was also predictive of neural exit foramen en-
trapment at the same level and side (though these re-
lationships were less strong than between the cent-
ral canal and lateral recess). These relationships are
not unexpected given that the same degenerative pro-
cesses contribute tonarrowing all three structures but
highlight that patients with some degree of central
canal narrowing are also likely to have narrowing in
other parts of the canal that may be contributing to
their presentation.
Measurements of the lateral recess depthwere sig-
nificantly smaller, both in terms of the mean and
minimum per participant in NC participants com-
pared to LBP participants. AUCvalues, however, were
poor and similar to those for the APD, with values of
0.66 and 0.63 respectively. In contrast the Bartyn-
ski grade of nerve root entrapment in the lateral re-
cess performed significantly better, withAUCsof 0.77
and 0.74 for the mean and minimum grade per par-
ticipant respectively, the former being the best ob-
served performance for a single measurement across
those tested in the thesis. The difference when com-
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pared with the AUCs for the DS-CSA and Schizas
grade measurements did not however reach signific-
ance. A threshold maximum Bartynski grade per par-
ticipant of grade 3 (complete lateral recess obliter-
ation) had a specificity of 84.1% and sensitivity of
57.3%. A mean Bartynsi grade of >= 1.82 had a spe-
cificity of 82.5% with a sensitivity of 61.5%.
The discrepancy in performance between the
Bartynski grading scheme and the LRD may relate
to several problems identified with the LRD meas-
urement and described in § 5.1. LRD reliability was
below that of the Bartynski grade, with a inter-rater
reliability of 0.65, compared to the Bartynski grades
inter-rater reliability of 0.70. Discussion between ob-
servers regarding the LRD suggested difficulties con-
sistently locating the medial end of the joint line,
often obscured by osteophytosis, was the potential
cause of the lower reliability. Also, the measurement
often did not seem to relate to the risk of transiting
nerve root compression, with an lateral recess meas-
urement of 0 mm not necessarily relating to entrap-
ment of the nerve root which would escape compres-
sion between the disc and superior articular facet by
medial displacement into the canal.
The similarity of Bartynski grade performance in
separating NC claudication patients from LBP con-
trols compared to the measurements of the cent-
ral canal was surprising and suggests that nerve
root compression in the lateral recesses is potentially
as important in NC symptom generation as general
cauda equina entrapment in the central canal. This
performance is also weak evidence that qualitative
nerve root entrapment is in fact the cause of NC
symptoms given the significant out performance of
the LRD measurement, the latter correlated to gen-
eral degenerative change and hence other potential
sources of pain generation, but not particularly spe-
cific for the presence of transiting nerve root entrap-
ment. Some caution is necessary in the above in-
terpretation however, due to the close association
between the odds of central and lateral recess nerve
root entrapment.
Measurements of the neural exit foramina dia-
meter and Lee grade were also smaller in NC patients
compared to the LBP group, both in terms of their
mean and most severe values per participant. In a re-
verse of the trend seen for the lateral recess, the per-
formance of the NFD measurements for separating
NC from LBP participants was superior to that of the
Lee grade. The former achievedAUCsof 0.67 and0.72
for the minimum and mean measurement respect-
ively, while the latter hadAUCs of 0.60 for bothmean
and maximum grades per participant. The difference
in AUCs between NFDmeasurements and Lee grades
was significant when comparing with the mean NFD
but did not reach significance for theminimumNFD.
The reasons for the poor performance of the Lee
grade relative to the NFD are not clear. It’s reported
inter- and intra-rater reliability exceeded those of the
NFD and other tested grading systems for foraminal
nerve root entrapment, though observers did report
ongoing difficulty with regards to being certain ex-
actly when the nerve root had lost its surrounding
epidural fact. The Lee grade was measured on sagit-
tal images, while the NFD was measured on axial im-
ages. It is perhaps possible that sagittal images cut-
ting through the mid cross-section of the foramina
do not well represent any potential compression of
the nerve root, particularly given the degenerative
pathology may be mostly occuring at the medial as-
pect of the foramina adjacent to the zygapophyseal
joint — this remains speculation. Despite this, the
similar performance of theNFD in separating LBP and
NC participants to measurements of the central canal
again highlights the potential importance of sites of
nerve root compression outside the central canal in
the generation of NC symptoms. Note, caution in in-
terpretation is again required due to the significant
degree of correlation between canal narrowing at dif-
ferent sites, which may potentially confound the ob-
served relationships.
Combining measurements
In Chapter 8, two main approaches to combining the
multiple different measurements available for each
participant were explored. Given the potential role
in symptom generation in NC ofmulti-site nerve root
entrapment, combining information on all potential
sites of entrapment was thought to have the potential
to improve the so far unimpressive accuracy at which
the investigatedmeasurements could separateNCpa-
tients from the LBP control group.
The first approach tried training several differ-
ent machine learning classifiers, selecting the best
performing 2 models during training, and testing
its classification accuracy on data withheld from the
training data. A neural network and a random forrest
based model were selected after showing good train-
ing performance, with small improvements in classi-
fication performance over the single measurements
explored above during the training phase. This per-
formance was was not however maintained during
the test phase, with both showing drops in perform-
ance to levels where there was no significant differ-
ence over the best performing single measurements.
This fall in performance from training to test phase
likely represents overfitting, a common problem in
machine learning that is often difficult to avoid, par-
ticularly on smaller data sets.
While this attempt to improve classification ac-
curacy failed, to my knowledge there was no pub-
lished paper attempting to combine measurements
from the MRIs of LSS or NC patients in this way, at
least as of early 2019 (though studies of automated
grading of stenosis using computer vision methodo-
logies exist — Q. Zhang et al. (e.g. 2017)).
The second approach presented in Chapter 8 in-
volved designing a novel algorithm to model indi-
vidual nerve root compression. This algorithm was
implemented in Python and tested all measurements
available for a given participant to detect which were
suggestive of nerve root compression using stenosis
definitions provided for each measurement. The al-
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gorithmthencounted thenumber ofnerve roots com-
pressed for that participant based on this information
and that number was then explored for its ability to
separate NC from LBP participants.
The correct set of thresholds to define stenosis
for each measurement was not known, so large num-
bers of different combinations of thresholds for each
measurement across the range of likely thresholds
were tried, with a final set of definitions chosen that
produced the best median classification accuracy for
each definition. The chosen definitions of stenosis
were not dissimilar to the optimum thresholds dis-
cussed for single measurements above, and included
a DS-CSA of less than 60 mm2, a Schizas grade of C
or above, a Bartynski grade of 2 or above, a LRD of 4
mm or below and a NFD of 5 mm and below.
Different ways of combining information from
both quantitative and qualitative measurements
were also assessed, with the best overall performance
provided by a rule that stated that both the quant-
itative and qualitative measurements at a given site
had to indicate stenosis in order for a nerve root to
be considered compressed. Interestingly this rule for
combining measurements, coupled with the selected
definition of stenosis for the Lee grade as being grade
0 or above, effectively excluded the Lee grades from
the model, perhaps unsurprising given its poor per-
formance when assessed alone.
The best combinations of stenosis definitions for
use on the algorithm produced an AUC of 0.78, both
on the training data and a withheld data test-set had
not been used while choosing the stenosis defini-
tions. This performance was higher than that of any
of the single measurements discussed above, but this
difference did not reach statistical significance. A
threshold of 2 or more nerve roots predicted to be
compressed by the algorithm with the definitions of
stenosis given above produced a sensitivity of 80%
and specificity of 62% for the presence of NC symp-
toms.
So why did combining measurements fail to im-
prove upon the classification performance of single
measurements?
Unlike standard statistical tests, there is no easy
way to predict the required sample size for training a
machine learning algorithm. The evidence of over-
fitting in the machine learning models produce sug-
gests that the number of weakly predictive variables
included in the machine learning models was likely
too large for the given sample size, and this may have
contributed towards a poor performance.
Our custom algorithm which aimed to count the
number of compressednerve roots relieduponanum-
ber of assumptions, including that the threshold of a
given measurement to indicate nerve root compres-
sionwas static over different spinal levels, something
which is unlikely to be true for the quantitativemeas-
urements, as has alreadybeendiscussed. It is possible
that an algorithm that allowed thedefinitions of sten-
osis to be individually selected for each spinal level
would have better performance.
It is also possible that the AUCs found for the
single measurements are simply the highest possible
for predicting NC symptoms from inspection of an
MRI. If some threshold level of degenerative change
can cause NC symptoms at a single level, combin-
ingmeasurements fromdifferent vertebral levels bey-
ond the most severe level may be redundant. In ad-
dition, many of the measurements within a spinal
level are closely correlated and therefore knowingone
provides a lot of information about the potential val-
ues of the other measurements at that level. Any one
measurement of degeneration at that level may be
therefore able to predict the presence of symptoms,
even if the actual cause of the symptoms is distant
to the site of that particularmeasurement within that
vertebral level.
A further assumption laying at the heart of the
whole presented work, and not just this section, is
that measurements based on supine MRI can accur-
ately predict the risk of nerve root compression in the
upright extended positions in which NC is generally
experienced. This is discussed in detail in the section
on general limitations.
Aside: The presented data does not support the multi-
level compression hypothesis
As was discussed in § 1.6.3, R. W. Porter (1996) sug-
gested a hypothesis for symptom generation in NC
based upon multilevel low level compression caus-
ing venous congestion. The presented observational
study presented an opportunity for collecting evid-
ence with regards to this hypothesis.
In Chapter 4 the number of levels per spine meet-
ing 4 different thresholds of central canal stenosis
were counted. The thresholds used included: a
DS-CSA less than 70 mm2, a DS-CSA less than 100
mm2, a Schizas grade greater than B, and a Schizas
grade grater than C. If two or more levels of canal
stenosis (and associated nerve root compression) was
important in symptom generation, it would be expec-
ted that the number of stenotic levels would be more
closely related to the presence of NC symptoms than
measurements of compression at a single site. Des-
pite this the number of centrally stenotic levels coun-
ted using any of the above thresholds did not pro-
duce AUCs significantly different to that for themin-
imum DS-CSA or maximum Schizas grade per par-
ticipant. The number of levels considered centrally
stenosed also had no correlation with any measure-
ment of clinical severity.
It remained a possibility that the required multi-
level compression was occurring outside the central
canal, in the lateral recesses and neural exit foramina,
and hence not detected by the above method. The
possibility that this was the case was assessed using
the novel algorithm for counting the number of com-
pressed nerve roots per spine, discussed in the pre-
vious section. Instead of counting nerve roots pre-
dicted to be compressed in at least one site, the al-
gorithm was instead used to count nerve roots where
there was predicted compression in two ormore sites.
The performance of this version of the algorithm
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across all threshold combinationswas generally equi-
valent to or poorer than that of the algorithm when
counting nerve roots predicted to be compressed at
one or more sites. This again suggested that multi-
level stenosis of the canal does not appear to be more
closely related toNC symptomgeneration than single
level stenosis.
These findings are in stark contrast to those
presented by Hamanishi et al. (1994) who reported
89% of patients with NC had more than one level
with a DS-CSA of less than 100 mm2 while this was
present in only 10% of controls. Hamanishi’s sample
sizes were much smaller than the current work —
53 NC patients and 39 control patients with sympto-
matic lesions outside the lumbar spine — and con-
sisted purely of secondary care patients. These differ-
ences in patient population may go towards explain-
ing some of the difference in results.
It is also of note that several other studies have
found evidence that goes against what would be ex-
pected if Porter’s hypothesis were true, including two
papers that found less severe symptoms in patients
with multi-level central stenosis compared to those
with single level stenosis (Sigmundsson et al. 2011;
Kuittinen et al. 2014c).
While I cannot say definitively that venous con-
gestion secondary to multi-level compression does
not contribute to NC symptom generation, the evid-
ence presented within this thesis overall does not
support this hypothesis.
9.1.2 Is there a relationship between spinal
canal size on MRI and severity of clinical
presentation in symptomatic LSS?
As discussed in § 1.7.2, a relationship between canal
size and severity of symptoms in symptomatic spinal
stenosis is expected given symptoms are thought
to be caused by postural based nerve compression.
Smaller canal sizes should lead to reduced require-
ments for dynamic change in canal dimensions be-
fore nerve root compression should occur and should
reduce the effectiveness of any strategy the patient
might adopt to relieve the symptoms, such as ad-
option of a stooped posture. Correlation between
a given measurement and clinical severity is also
a potentially helpful clinical feature: symptomatic
LSS patients are often elderly with multiple co-
morbidities (Cummins et al. 2006) and hence could
have multiple potential conditions all contributing
towards disability. Similarly, it is not unknown for
patients to be suspected to have both vascular and
spinal related causes of claudication at the same time
(Katz 2008). Hence, a measurement that could aid
assessment of howmuch any canal narrowing the pa-
tient has is contributing to their mix of symptoms
and disability would be potentially useful for treat-
ment planning.
The scoping review presented in § 2.1 found in-
consistent reports of relationships or lack thereof
between the various measurements of anatomical
LSS and a large number of different clinical sever-
ity scores. Based upon this, the DS-CSA was selec-
ted as the focus of a formal systematic review into
the relationship between canal narrowing andpatient
pain, disability and quality of life. It was selected
as it was the most commonly investigated measure-
ment of anatomical stenosis found within the scop-
ing review and the subject of multiple papers with re-
latively homogenous methodlogy yet which presen-
ted conflicting resultswith regards to it’s relationship
with clinical severity scores.
17 papers were included in the systematic review.
Overall study quality was generally judged as poor,
with the included studies often not providing evid-
ence as to the reliability of their DS-CSA measure-
ment, failing to given information on blinding of
MRI observers to the results of the clinical severity
scores and, perhaps most significantly, most used ra-
diological criteria as part of their inclusion criteria of-
ten without stating the exact definition of stenosis
used to include patients. All included papers also
used surgical or other secondary care patient cohorts.
17 different metrics of clinical severity were as-
sessed in the included papers. The best evidence
was found for a relationship with maximumwalking
distance. A slight majority of papers found a posit-
ive relationship between minimal DS-CSA and max-
imum walking distance, but the overall pooled cor-
relation co-efficientwasnot significantwith substan-
tial statistical heterogeneity. A subgroupmodel pool-
ing a group of papers using patient self report found
a small but significant positive correlation, similar in
size to that found by Lau et al. (2017), whomixed self-
report and community GPS recording and whose pa-
per also received a fair rating for quality. This was in
contrast to a group of papers using treadmill assess-
ment of maximum walking distance which showed
markedly heterogenous results and no overall signi-
ficant pooled correlation. While in general, tread-
mill walking distance is known to have good test-
retest reliability (Deen et al. 2000), it is possible vari-
ations in exact treadmill protocol played a role in the
variability of the treadmill paper’s findings. Tread-
mill based assessment does also not always correlate
well with patient perception of their degree of lim-
itation. The differences in results between the sub-
groups may in part be explained by the difference
between capacity and performance, the former rep-
resenting an individuals ability to perform in a con-
trolled setting, and the latter performed by the indi-
vidual in a day to day basis in the context of their own
life (Ustün et al. 2003). These are known to be re-
lated, but measurably different, in individuals with
lumbar spinal stenosis (Conway et al. 2011) and there
is some evidence that self reported maximum walk-
ing distance has a stronger relationship with GPS re-
corded community walking distance than laboratory
based measurements (Tew et al. 2013).
Repeated investigation of the relationship to the
ODI, SF-36 and VAS pain scores found no correlation




The methodological advantage of the study
presented within this thesis has over the previously
reviewed literature is the inclusion of community
based patients and the avoidance of radiological in-
clusion criteria, preventing exclusion of patientswith
less severe symptoms, which may result in obscur-
ation of any relationship between disease severity
and clinical severity. The presented observational
study was also substantially larger than the stud-
ies included in the systematic review, the largest of
which included 150 patients (Burgstaller et al. 2016),
opposed to the 354BOOSTparticipantswhohadMRI
studies available.
Despite these advantages, no correlation was
identified between any measurement of canal or
dural sac size or qualitative nerve root entrapment
within the central canal, lateral recess or neural exit
foramen with any assessed clinical severity score.
No correlation was also found between the predicted
number of nerve roots compressed per participant (as
judged by the algorithm introduced in Chapter 8) and
any clinical severity score.
The lack of the relationship between measure-
ments of canal/dural sac size and clinical severity
variables is perhaps not unexpected, given the find-
ings of the systematic review discussed above. How-
ever it does however raise questions as to why no
relationship exists despite the expected greater risk
of nerve compression at more significant degrees of
stenosis. At least some of the reasons for this likely
lays in the limitations of the various ways of measur-
ing and defining canal stenosis on imaging, raised in
the previous section. It is also possible that numer-
ous other variables contribute to a patients disabil-
ity and obscure a possible relationship to canal size,
including psychosocial factors such as pain sensitiv-
ity, which has been found to be important in medi-
ating reported symptom severity in symptomatic LSS
(H.-J. Kim et al. 2013), and similarly pain catastroph-
ising behaviours (maladaptive coping strategies with
an exaggerated negative response to pain) have been
associated with greater disability (H.-J. Kim et al.
2015). A source of obscuration for consideration
is the several weak correlations identified between
demographic factors and clinical severity scores dis-
cussed in Chapter 3. Despite this, it seems however
likely that if a relationship between canal/dural sac
size and symptom severity is present, its effect is
dwarfed by the factors above.
Some associations between MRI findings and
clinical severity were seen outside the outside the
measurements of canal/dural-sac size. Paradoxically,
there appeared to be lower levels of neuro-ischaemic
symptoms (as judged by the ZCQ neuro-ischaemic
domain) in patients with significant disc herniations
compared to those without. Similar weak negat-
ive correlations were identified between the number
of herniations per participant and the ZCQ neuro-
ischaemic domain subscore and the ZCQ symptom
subscale. These findings are of doubtful validity:
inter-rater reliability for the presence of significant
disk herniations was very poor, κ of 0.71, the correla-
tions were weak, and p values for the grouped com-
parisons were just under the threshold for signific-
ance.
Osteoporoticwedge fractureswere common in the
BOOST participants, being present in 17% of parti-
cipants. Participants with fractures showed higher
pain and disability, with significantly higher ZCQ
pain subdomain scores, reduction in walking dis-
tance both to symptom onset and maximal tolerable
walking distance and an overall associated reduction
in the EQ-5D. This latter finding is reminder that a
patients presentation may be multifactorial particu-
larly in an elderly comorbid age group, and vigilance
for other potential causes of the patients presentation
should also be borne in mind.
9.2 Limitations
There were a number of general limitations to the
presented observational study beyond those directly
related to themeasurement of the spinal canal and as-
sociated structures presented above.
All MRI data used within the presented study has
come from standard supine MRI studies. These are
performed with the knees bent in order to improve
patient comfort, which improves image quality by
helping patients remain still for the scan. This posi-
tion flexes the spine and reduces gravitational load-
ing, both of which increase canal dimensions (B. I.
Danielson et al. 1998; Kubosch et al. 2015). The
DS-CSAmeasured on such supineMRImay therefore
not accurately reflect the degree of stenosis present
when the patient is in the standing position with
the lumbar canal extended, which is when NC symp-
toms characteristically occur. This may represent the
reason, above and beyond the previously discussed
limitations of the various measurements, why the
studied measurements of stenosis do not clearly dif-
ferentiate NC patients from LBP and why no relation-
ship with symptom severity is identified.
Against this, while the size of the canal may
change under axial loading and an upright posture,
it is likely to do so in a manner which reflects the
degree of degenerative stenosis already present and
demonstrable on supine MRI. Kanno et al. (2012)
found that the DS-CSA on axial loading had a Pear-
son’s correlationwith the non-axially loadedDS-CSA
of 0.88, implying a strong relationship between such
measurements. Despite this, it is hard to argue that
the additional informationprovidedby standingMRI
may not be of some clinical relevance. Willén et al.
(2001) in a study of 172 patientswith amixture of low
back conditions found axial loading demonstrated
additional information potentially relevant to treat-
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ment in 29% of patients. Ozawa et al. (2012) com-
paring symptomatic spinal stenosis and degenerative
spondylolisthesis patients groups found that while
there was no significant difference in the DS-CSA
between groups on conventional imaging, axial load-
ing induced significantly larger changes in the spon-
dylolisthesis group. Splendiani et al. (2014) found
that upright MRI could demonstrate foraminal sten-
osis that was not visible on supine imaging.
It may be that the writing will eventually be on
the wall for standard supine MRI of the spine for sus-
pected canal stenosis, but these techniques currently
remain fairly new and have not reached widespread
adoption or availability within the NHS. Until such
time as they have, a definition of stenosis based on
the best available data on the clinical relevance of su-
pine MRI based measurements will retain its value.
Further limitations to the interpretation of the
presented observation study are the result of the
make up of the NC and LBP participant groups.
The recruited control group were referred for
MRI studies by their general practitioners based on
the presence of low back pain. In order to ensure
no patient with potential NC was included, all pa-
tients with pain referring into the buttocks or legs
were excluded in keeping with the definition of NC
provided by the NASS guidelines. The decision to
use a low back pain cohort was based largely on
pragmatic grounds: these patients were going to be
scanned anyway and hence no research dedicated
scan time was required and patient recruitment was
made easier.
It could be argued that the control group should
have been asymptomatic volunteers. Patients with
non-specific low back pain may not have completely
normal lumbar spines and hence may not be an ap-
propriate comparison group. Against this, back pain
is very common, with 1 month prevalence being up
to 20% (Hoy et al. 2012) in the 40 to 80 age bracket,
meaning truly asymptomatic individuals are rare and
themselvesmay not be reflective of the general popu-
lation. In addition, lowbackpain is very commonas a
superimposed symptom in individuals with sympto-
matic lumbar spinal stenosis (de Schepper et al. 2013)
andhence comparing to an asymptomatic population
potentially risks finding MRI features predictive for
low back pain that are not specific to NC.
The NC population was recruited as part of the
BOOST RCT which is investigating the effect of a
physiotherapy intervention on such patients. The
trial had a pragmatic design and NC was defined for
the purposes of the RCT on the basis of a series of
questions, previously described in § 3.2.5. These
questions were designed around the systematic re-
view published by de Schepper et al. (2013) which
found the features assessed had good sensitivity and
specificity for a final diagnosis of symptomatic LSS.
Beyond this, the inclusion and exclusion criteria did
not make any further stipulation about the exclusion
of other potential causes of claudication type pain for
the participants. Vascular claudication can however
be clinically difficult to destinguish from NC, may
sometimes coexist alongside neurogenic claudication
symptoms, and when there is clinical doubt further
tests such as the ankle-brachial pressure index can be
of help in ruling it out (Katz 2008). The failure to
perform such tests as part of the BOOST eligability
criteria means that there is a risk the BOOST parti-
cipant group included some individuals with vasular
claudication or amixed picture. Thismay in part con-
tribute to the poor performance of the various meas-
urements of the canal and dural-sac in separating our
case and control groups and correlating with symp-
tom severity.
A final concern with regards to the included par-
ticipant groups comes from the separate recruitment
for both the NC and LBP groups. The BOOST par-
ticipants were recruited at multiple centers across
the UK, whereas the LBP group were recruited at a
single center. Significant but small differences in
mean height and ethnicity between groups was iden-
tified consistent with the source populations for the
two patient groups not being completely identical.
The effect of these demographics differences likely
to be small given no significant difference in canal
size between ethnicities was identified within the
study and themeanheight difference betweengroups
was only 3 cm, however the presence of other un-
explored differences between the groups cannot be
excluded. Furthermore, the separate recruitment of
the NC and LBP groups also limits interpretation due
to potentially differing study protocols employed by
such sites. Changing MR study parameters or pa-
tient positioning, such as the size of the foam wedge
placed under the patients knees, could potentially ef-
fect the depiction of the canal and introduce or mask
differences between the study population. The risk
of this limitation is mitigated by the relatively uni-
form scanning protocol adopted for the lumbar spine
across NHS sites, and effort made to ensure relatively
consistent scanning parameters for patients undergo-
ing studies specifically for the purposes of the trial,
but this remains a limitation of the presented data.
9.3 Final conclusions and recommendations
What is the best way to measure narrowing of the spinal canal on MRI?
In § 9.1.1, the available evidence with regards to
how well the investigated measurements and grad-
ing schemes separate NC from LBP participants was
reviewed. No measurement stood out as being par-
ticularly strong in this regard, with all having sub-
stantial overlaps in their distributions in NC and LBP
participants and resultant unimpressive AUC values.
Several measurements however under-performed re-
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lative to the others, including the APD, the LRD and
the Lee grading system, and hence these can be ex-
cluded from any recommendation for clinical use.
In addition, the various investigated methods
for combining measurements did not provide signi-
ficant improvements in classification performance.
Given that thesemethods added significant complex-
ity without having any clear benefit, at least in terms
of association of the results with symptom status of
the patient, such approaches can also be excluded
from any recommendations, at least in their current
form.
Practicing clinicians expressed a preference for
qualitative grading systems over quantitative meas-
urements in theDelphi survey published byMamisch
et al. (2012). Such a preference makes sense from
a pragmatic radiology reporting perspective as such
systems can be learnt and then applied quickly, as
opposed to the quantitative measurements which are
slow to measure due to the need to use digital meas-
uring tools for their assessment. Qualitative grading
schemes also do not suffer problems regarding the
need to adjusting for the changing amount of neural
tissue in the canal and are thought to be robust to
slice angulation. Given this, it makes sense to select
the Schizas grade over the DS-CSA, leaving three re-
maining measurements, the Schizas grade of central
canal stenosis, the Bartynski grade of lateral recess
nerve root entrapment, and the neural exit foramen
diameter.
The two qualitative grading schemes were found
tohave acceptable inter and intra-rater reliability dur-
ing the current study (table 3.5) but the NFD had an
inter-rater reliability of 0.50 and intra-rater reliabil-
ity of 0.67, well below the ideal, however no altern-
ative acceptable measurement of formainal stenosis
was available to replace the NFD.
Given the possible inclusion of vascular claudica-
tion patients within the NC participant group it
makes sense to prioritise specificity over sensitivity
when choosing thresholds to act as a definition of
stenosis. This also seems more likely to be helpful
clinically: the clinician asking for an MRI in suspec-
ted symptomatic LSS is faced with a patient who has
likely neurogenic claudication symptoms, and there-
fore wants to know if they are both attributable to the
lumbar spine and caused by a vertebral level which
could potentially be the target of intervention, sur-
gical or otherwise.
Given this a Schizas grade of C or above was
chosen as the recommended definition of anatomical
central canal stenosis given its specificity of 85.7% for
the NC participant group when using the maximum
measurement (sensitivity 48.4%).
Similarly, a Bartynski grade of 3 (no CSF or other
space visualised surrounding the transiting nerve
root within the lateral recess) is recommended as the
definition of anatomical lateral recess stenosis. This
grade was found to have a specificity of 84.1% and
sensitivity of 57.4% for presence of NC symptoms us-
ing the maximummeasurement.
Finally a NFD measurement of 4 mm or under
is proposed as a definition of anatomical foraminal
stenosis and this measurement which achieved a
specificity of approximately 88.9% and sensitivity of
36.8% for the presence of NC symptoms group using
the minimummeasurement.
While the presented study improves in some as-
pects of the pre-existing literature, it has its own sig-
nificant limitations as discussed above, andmuch ad-
ditional work will be required to truly clinically val-
idate the use of the recommendedmeasurements and
associated definitions of stenosis. It is hoped that
despite these limitations, the presented work does
provides a starting evidence base for the use of these
measurements that is at least free of the previously
discussed biases present in much of the literature re-
lating to imaging in lumbar spinal stenosis created by
the lack of an accepted and truly clinically relevant
reference standard. It however seems clear that de-
velopment of more rigorous techniques to deal with
this lack of a reference standard for imaging investig-
ations in symptomatic LSS will be essential if a con-
sensus is to form around an definition of anatomical
LSS.
9.4 Further work
The following future work is planned by the au-
thor related to the work presented in this thesis:
• A subgroup analysis of the BOOST physiotherapy
treatment effect is planned based upon several pre-
specified MRI based subgroups. This was origin-
ally planned to be included in the thesis but was
unfortunately delayed due to the 2020 COVID-19
pandemic.
• A longitudinal study is planned, aiming to asses
the relationship with the various MRI measure-
ments and measurements of symptom severity
over the course of the BOOST follow up period.
This will include an assessment of whether MRI
can predict those patients who subsequently went
on to have surgical management of their stenosis.
• The initial plan for the thesis included assessment
of a computer vision system for grading spinal
stenosis developed in collaboration with Warwick
Universities computer science department. The
tool for training this computer systemhasbeen cre-
ated but there was unfortunately not time to in-
clude this work within the thesis.
• Further development of the novel algorithm de-
scribed in Chapter 8 is planned, with the inten-
tion of finding if allowing thresholds for judging
nerve root compression to vary by vertebral level









Measurements of the spinal canal
A.1 Normal values for quantitative measurements
Table A.1: Table of evidence relating to normal values of the AP diameter on CT imaging. SD – standard deviation
Method/Level Population Value (mm) Citation
Axial N = 30 L4 Mean 14.4 Wilmink
Pedicular Holland L4 SD 1.4 1988
No age data L5 Mean 15.7
L5 SD 2.8
Axial N = 40 L4 Mean 17 Gouzien
Pedicular France L4 SD 2.3 1990




Axial N = 39 L3 Mean 15.8 Santiago
Pedicular Spain L3 SD 2.8 2001





S1 SD 4.6 mm
Axial N = 300 L1 Mean 16.8 Aly
Pedicular Egypt L1 Range 12.6–26.1 2013










Table A.2: Table of evidence relating to the normal values of the AP diameter on MRI imaging. SD – standard
deviation
Method/Level Population Value (mm) Citation
Sagittal Sub-sample of L1 Mean 17.6 Knirsch
Mid-Vertebra 75 children L1 SD 1.8 2005
Age: 15–17 L2 Mean 16.4









Sagittal N = 100 L1 Mean 15.5 Cheung
Minimum China L1 SD 1.5 2014










Axial N = 15 L2 Mean 16.3 Singh
Pedicular USA L2 SD 2.1 2005






Axial N = 100 L1 Mean 21.8 Cheung
Pedicular Chinese L1 SD 2.5 2014










Axial N = 20 L3/4 Mean 25 Chung
Disc Korean L3/4 SE 0.7 2000




Table A.3: Table of evidence relating to normal values of the inter-pedicular distance on CT imaging. SD – stand-
ard deviation
Method/Level Population Value (mm) Citation
Axial N = 30 L4 Mean 22.2 Wilmink
Pedicular Holland L4 SD 1.7 1988
No age data L5 Mean 25.4
L5 SD 3.6
Axial N = 40 L4 Mean 26 Gouzien
Pedicular France L4 SD 3.7 1990




Axial N = 300 L1 Mean 23.8 Aly
Pedicular Egypt L1 Range 17.0–30.6 2013








Axial N = 39 L3 Mean 23.5 Santiago
Pedicular Spain L3 SD 3.0 2001






Table A.4: Table of evidence relating to normal values of the inter-pedicular distance on MRI imaging. SD –
standard deviation
Method/Level Population Value (mm) Citation
Axial N = 100 L1 Mean 22.5 Cheung
Pedicular China L1 SD 1.9 2014











Axial N = 15 L2 Mean 21.9 Singh
Pedicular USA L2 SD 1.4 2005








Table A.5: Table of evidence relating to normal values of the inter-facet diameter. SD – standard deviation
Method/Level Population Value (mm) Citation
CT N = 40 L3/4 Mean 22 Gouzien
Axial France L3/4 SD 2.9 1990




CT N = 39 L3/4 Mean 19.9 Santiago
Axial Spain L3/4 SD 3.8 2001




Table A.6: Table of evidence relating to normal values of the vertebral foramen cross-sectional area. SD – standard
deviation; SE – standard error
Method/Level Population Value (mm2) Citation
CT N = 40 M L4 Mean 288 Gouzien
Axial France L4 SD 60 1990




MRI N = 20 L3/4 Mean 368 Chung
Axial Korean L3/4 SE 18 2000
Disc Age: 22–30 L4/5 Mean 363
L4/5 SE 29
MRI N = 15 L2 Mean 258.8 Singh
Axial USA L2 SD 36.3 2005






Table A.7: Table of evidence relating to normal values of the inter-ligamentous diameter. SD – standard deviation
Level Population Value (mm) Citation
CT N = 30 L3/4 Mean 10.2 Wilmink
Axial Holland L3/4 SD 2.0 1988




CT N = 40 L3/4 Mean 12 Gouzien
Axial France L3/4 SD 2.0 1990






Table A.8: Table of evidence relating to normal values of the dural-sac AP diameter. SD – Standard Deviation; SE
– Standard Error
Level Population Value (mm) Citation
MRI N = 100 L1 Mean 16.0 Cheung
Axial China L1 SD 1.8 2014










MRI N = 20 L3/4 Mean 15 Chung
Axial Korea L3/4 SE 0.5 2000
Disc Age: 22–30 L4/5 Mean 14
L4/5 SE 0.7
Table A.9: Table of evidence relating to normal values of the dural-sac transverse diameter. SD – Standard Devi-
ation; SE – Standard Error
Level Population Value (mm) Citation
CT N = 30 L3/4 Mean 19.0 Wilmink
Axial Holland L3/4 SD 2.8 1988




Table A.10: Table of evidence relating to normal values of the dural-sac cross-sectional area. SD – Standard De-
viation; SE – Standard Error
Method Population Value (mm2) Citation
CT N = 40 L3/4 Mean 155 Gouzien
Axial France L3/4 SD 36 1990




CT N = 40 L3/4 Mean 169 Gouzien
Axial France L3/4 SD 35 1990
Infra- Age: 18–40 L3/4 Range 103–244
Pedicular L4/5 Mean 168
L4/5 SD 43
L4/5 Range 94–269
MRI N = 20 L3/4 Mean 260 Chung
Axial Korea L3/4 SE 16 2000




Table A.11: Table of evidence relating to normal values of the lateral recess depth. SD – Standard Deviation; SE –
Standard Error
Method Population Value (mm) Citation
CT N = 300 Mean 6.7 Aly
Lateral recess depth Egypt Range 4–14 2013
Infra-pedicular Age: 18–78
CT N = 39 L4 Mean 6.3 Santiago
Lateral recess depth Spain L4 SD 0.22 2001




MRI N = 20 L3/4 Mean Right 4.3 Chung
SSDC Korean L3/4 SE Right 0.28 2000
Disc Age: 22–30 L3/4 Mean Left 4.4
L3/4 SE Left 0.22
L4/5 Mean Right 3.4
L4/5 SE Right 0.30
L4/5 Mean Left 3.2
L4/5 SE Left 0.25
Table A.12: Table of evidence relating to normal values of the neural exit foramen diameter. SD – Standard Devi-
ation; SE – Standard Error
Level Population Value (mm) Citation
CT N = 39 L4 Mean 10.3 Santiago
Axial Spain L4 SD 2.5 2001








B.1.1 Scoping review methodology
Scoping Review Aims
The scoping review aims to assess the range of pub-
lished literature on the relationship between findings
on MR examination of the lumbar spine and patient
presentation and prognosis in LSS. Ultimately the re-
view is aimed to guide the design of future more fo-
cused systematic reviews and experimental work.
Objectives:
• To assess the variation in study populations, both
symptomatic and control, and associated inclusion
and exclusion criteria.
• To achieve an overview of the degree of evidence
supporting the use of the quantitative and qualit-
ative measures of spinal stenosis described in the
literature.
• To gauge whether the literature is of sufficient ho-
mogeneity to potentially allow meta-analysis of
published results in a subsequent systematic re-
view.
Search strategy
A pragmatic search strategy was chosen, balancing
completeness of the search results with the ability
of a single individual to complete the search in a
reasonable time frame. The search was designed to
return papers referring to both lumbar stenosis or
neurogenic claudication andMRI examination of the
lumbar spine and was performed on the MEDLINE
database on the 9th November 2016. The references
generated were screened by title and then abstract,
with papers at each stage not meeting the inclusion
and exclusion criteria detailed below being excluded.
The full text of the remaining citationswere reviewed
by a single individual for inclusion. No review of the
included papers bibliography was performed.
Inclusion Criteria:
• Case populations much consist of adults with a
primary diagnosis of symptomatic degenerative
lumbar spinal stenosis on basis of expert opinion.
• Papers must either:
– Report a quantitative or qualitative measure of
central spinal stenosis on MRI examination and
relate this to a validated quantitative measure of
pain, disability or quality of life
– Assess the difference in a quantitative or qualit-
ative measure of central spinal stenosis on MRI
examination between a case population (as de-
scribed above) and a control population.
Exclusion Criteria:
• Papers including patients with prior spinal surgery
or assessing post operative imaging.
• Papers including patients with a diagnosis of non-
degenerative spinal pathology, acute spinal condi-
tions or any congenital syndrome where these pa-
tients are not analysed separately.
• Papers including patients with lateral and/or fo-
ramina stenosis without central stenosis where
these patients are not analysed separately.
• Papers whose full text was not available in English
either through open publication or via the journal
subscriptions of the University of Warwick.
Data Extraction
Data extractionwas performed by a single individual.
Data was extracted primarily to a master table with
columns for recording descriptions of the case and
control populations, exclusion criteria, MR and out-
come variables used, methodological details, study
type and a summary of the papers results.
B.1.2 Scoping review results: additional tables
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Table B.1: Scoping review search strategy
Number Search Term Citations
1. lumbar 94 332
2. lumbosacral 19 619
3. sacral 12 621
4. exp Lumbar Vertebrae/ 44 696
5. exp Lumbosacral Region/ 10 861
6. exp Sacral Region/ 3523
7. stenosis 158 912
8. claudication 11 450
9. exp Spinal Stenosis/ 5018
10. exp Intermittent Claudication/ 7409
11. exp Nerve Root Compression/ 4317
12. ”Magnetic resonance” 575 262
13. MRI 160 362
14. MR 115 279
15. exp Magnetic Resonance Imaging/ 365 284
16. 1 OR 2 OR 3 OR 4 OR 5 OR 6 114 736
17. 7 OR 8 OR 9 OR 10 OR 11 172 624
18. 12 OR 13 OR 14 OR 15 643 233
19. 16 AND 17 7121
20. 18 AND 19 1732
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TableB.2: Results of studies assessing the relationshipbetweenquantitativemeasures of thedural-sac and clinical
symptoms.
Measurement Clinical Scoring System Reference N Result
Min. DS-CSA VAS/NRS Pain Barz 2008 28 No linear correlation.
Sigmundsson 2011 109 No linear correlation.
Kanno 2012 88 No linear correlation.
Kuittinen 2014 84 No linear correlation.
Kim 2015 117 No linear correlation.
Burgstaller 2016 150 No linear correlation.
ODI Sirvanci 2008 63 No linear correlation.
Sigmundsson 2011 109 No linear correlation.
Kuittinen 2014 84 No linear correlation.
Hong 2015 73 No linear correlation.
Kim 2015 117 No linear correlation.
Objective WD Barz 2008 28 +ve correlation (p = 0.003)
Moon 2005 35 No linear correlation.
Kanno 2012 88 +ve correlation (p <0.05)
Kuittinen 2014 84 No linear correlation.
Subjective walking distance Sigmundsson 2011 109 No linear correlation.
Kim 2015 117 +ve correlation (p = 0.045).
Duration of symptoms Kanno 2012 88 -ve correlation (p <0.05)
Kim 2015 117 No linear correlation.
BDI Hong 2015 73 No linear correlation.
Kuittinen 2014 84 No linear correlation.
SF-36 Hong 2015 73 No linear correlation.
Sigmundsson 2011 109 No linear correlation.
ZCQ PD Burgstaller 2016 150 No linear correlation.
VAS Numbness Kanno 2012 88 No linear correlation.
JOA Score Kanno 2012 88 +ve Correlation (p <0.05).
EQ-5D Sigmundsson 2011 109 No linear correlation.
BAI Hong 2015 73 No linear correlation.
PSQI Hong 2015 73 No linear correlation.
DS-CSA by Level SSM Pain Domain Burgstaller 2016 150 No linear correlation.
NRS Pain Burgstaller 2016 150 No linear correlation.
Objective WD Zeifant 2008 63 +ve correlation L1/2 (p = 0.032).
Mean DS-CSA Objective WD Zeifant 2008 63 No linear correlation.
Min. DS-APD SSM Pain Domain Burgstaller 2016 150 No linear correlation.
NRS Pain Burgstaller 2016 150 No linear correlation.
DS-APD by Level SSM Pain Domain Burgstaller 2016 150 No linear correlation.
NRS Pain Burgstaller 2016 150 No linear correlation.
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Table B.3: Results of studies comparing quantitative measurements of the dural-sac between symptomatic LSS
patients and controls.
Measurement Reference Case N Control N Results
DS-CSA Hamanashi 1994 53 15 Mean cross sectional area of the dural tube was smaller at
all vertebral levels in neurogenic claudication patients com-
pared to age matched controls (p <0.01).
Schizas 2010 68 27 Min. DS-CSA per patient at the pedicular level was smaller in
LSS patientsmanaged surgically compared to thosemanaged
conservatively (p <0.0001) and controls (p <0.0001). The ra-
tio of disc level DS-CSA to pedicular level DS-CSA was smal-
ler in symptomatic stenosis at all levels compared to control
groups (p <0.005).
Tomkins-Lane 2012 50 76 Min. DS-CSA per patient did not significantly correlate with
7day communitywalkingdistance or 15minute treadmill ve-
locity.
Kim 2015 117 91 Mean and min DS-CSA per patient was smaller in the symp-
tomatic stenosis group compared to the control group.
DS-APD Tomkins-Lane 2012 50 76 Min. DS-CSA per patient did not significantly correlate with
7day communitywalkingdistance or 15minute treadmill ve-
locity.
Table B.4: The results of studies assessing the relationship between quantitative measures of the dural-sac and
patient prognosis in symptomatic LSS.
Measurement Reference N Result
Min. DS-CSA Schizas 2010 68 Min. DS-CSA <75 mm2 or DS-CSA <160 mm2 at the pedicular level was pre-
dictive of an increased risk of failure of conservative treatment. No significant
correlation was found between min. DS-CSA and ODI improvement post sur-
gery.
Park 2011 66 No significant difference in min. DS-CSA was found between groups improv-
ing and not improving with surgery. No significant correlation with patient
improvement with surgery and DS-CSA
Sigmundsson 2012 109 Significant negative correlation between DS-CSA and change in VAS back
painwith surgery (p <0.05). No correlationwas foundwith absolute VASback
pain at one year. No significant correlation with change in VAS leg pain. A
positive correlation was found with absolute DS-CSA and VAS leg pain at one
year (p = 0.03).
Kuittinen 2014 84 No significant correlationwas foundwith post-operative improvement inNRS
leg, back and overall pain, ODI, maximum treadmill walking distance or pa-
tient satisfaction.
Min. DS-APD Verhoof 2008 12 No significant differences in AP diameter between those having residual or
recurrent symptoms post interspinous implant insertion and those showing
improvement in reported pain.
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Table B.5: Results of studies assessing qualitative grading systems for dural-sac narrowing. Nnumbers in brackets
represent control group size
Grading System Reference N Results
0 — No contact; 1 — thecal sac contact, no devi-
ation of nerve roots; 2 — thecal sac contact, de-
viation of nerve roots; 3 — compression of nerve
roots
Alicioglu 2012 70 No correlation with JOA score or post surgical JOA re-
covery rate. No significant difference in grade between
those improving with surgery or not.
0 — normal; 1 — anterior CSF space reduced but
all cauda equina clearly separated; 2 — partial
cauda equina aggregation; 3 — marked no cauda
equina roots visualised separately.
Park 2014 47 No correlation with Roland score post epidural steroid
injection.
0 — normal; 1 — narrowing, CSF clearly visible;
2 — little or no CSF between nerve roots.
Kuittinen 2014 84 Severe stenosis predicted less postoperative NRS pain
and better post-operative satisfaction compared to mod-
erate stenosis (p = 0.028, p = 0.029 respectively). No cor-
relation with post-operative ODI or subjective walking
distance.
Kuittinen 2014 84 NRS pain was lower (p=0.008) and treadmill walking
distance was significantly higher in severe stenosis com-
pared to moderate. There was no significant difference
in ODI, VAS overall or BDI between grades 1 and 2.
A—clear CSF visiblewith inhomogeneous distri-
bution; B — nerve roots occupy the whole of the
sac, some CSF still present; C—no CSF visible; D
— no epidural fat visible posteriorly.
Schizas 2010 68
(27)
More severe grades were seen in the symptomatic sten-
osis patients compared to the control group (p <0.05).
No correlation between themost severe grade of stenosis
and ODI.
Kim 2013 94 No correlation with VAS leg pain, back pain or ODI.
Moojen 2018 159 No correlation with MRDQ, VAS leg or back pain.
Burgstaller 2016 150 No correlation with SSM pain domain or NRS pain.
Weber 2016 202 No correlation with ODI or NRS pain.
Table B.6: Results of papers investigating the sedimentation sign. Control group N values are shown in brackets.
Reference N Results
Barz 2010 100 (100) Sedimentation sign was positive in 94% of patients with degenerative lumbar spinal stenosis but 0% of
control patients. There were 6 false negatives. Note should be taken that the definition of case and
control populations included a DS-CSA cut off.
Macedo 2013 50 (22) Sedimentation sign was positive in 54% of people diagnosed with symptomatic stenosis, 23% of people
with isolated lateral stenosis and 2% of people with posterolateral disc herniation. The difference
between groups was significant (p<0.01).
Barz 2014 118 Conservativelymanagedpatients negative for the sedimentation sign showedhigher improvementwith
time inODI andVAS back pain compared to those positive (p <0.01). No significant difference between
in improvement of ODI and VAS back pain between positive and negative patients was seen in those
managed surgically. VAS leg pain did not differ significantly between positive and negative patients for
either management group.
Moses 2015 115 No significant difference in ODI, SF-36, stenosis, back pain or leg pain bothersomeness index between
those sedimentation sign positive or negative. Thosewith a positive sedimentation signdemonstrated a
larger treatment effect for surgery as judged by ODI and stenosis bothersomeness index (p = 0.023 and
0.094 respectively). There was no significant difference in surgical treatment effect for SF-36 scores
between sedimentation sign positive and negative groups.
Table B.7: Results of papers investigating the redundant nerve root sign.
Reference N Results
Min 2008 68 No significant difference between pre-operative JOA score, post-operative JOA score, JOA recovery rate
or success rate of surgery between redundant nerve root positive and negative groups. In patients who
had redundant nerve roots there was significant correlation between post-operative JOA score and JOA
recovery rate with the length of the redundant nerve roots. No significant correlation was seen with
pre-operative JOA score.
Moojen 2018 159 No significant difference in MRQD, VAS leg or back pain in those with or without redundant nerve
roots at baseline before surgery. Presence of redundant nerve predicted a higher rate of good response
to surgical decompression compared to those with absent redundant nerve roots (p <0.01).
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Table B.8: The results of studies comparing quantitative measurements of the spinal canal to clinical findings.
Measurement Clinical Scoring System Reference N Result
Min. VF-CSA ODI Eun 2012 163 No significant linear correlation.
Kim 2015 117 No significant linear correlation.
VAS Pain Eun 2012 163 No significant linear correlation.
Kim 2015 117 No significant linear correlation.
Subjective WD Kim 2015 117 No significant linear correlation.
Min. APD Objective WD Moon 2005 163 No significant linear correlation.
Haig 2006 50 No significant linear correlation.
Geisser 2007 50 No significant linear correlation. No significant
difference between particiapants stratified by AP
diameters of 13 mm or 10 mm.
PDI Haig 2006 50 No significant linear correlation.
Geisser 2007 50 Participants with AP diameters <13 mm had
higher PDI scores than those with AP diamet-
ers >13mm (p <0.05). No significant difference
between groups using a threshold of 10 mm. No
linear correlation identified.
VAS Pain Haig 2006 50 No significant linear correlation.
QBPDI Geisser 2007 50 No linear correlation. No significant difference
betweenparticipants stratifiedbyAPdiameters of
13 mm or 10 mm.
MPQ Geisser 2007 50 No linear correlation. No significant difference
betweenparticipants stratifiedbyAPdiameters of
13 mm or 10 mm.
Min. LRH ZCQ PD Burgstaller 2016 150 No significant linear correlation.
NRS Pain Burgstaller 2016 150 No significant linear correlation.
Foraminal CSA VAS Pain Barz 2008 25 No significant linear correlation.
Table B.9: Results of studies assessing the clinical relevance of qualitative measurements of the spinal canal.
Control group N is shown in brackets.
Grading System Reference N Results
No — normal; mild — compromise of less than
1/3 area; moderate — compromise of 1/3 – 2/3;
severe — compromise of more than 2/3
Ishimoto 2013 105
(833)
Symptomatic stenosis prevalence increased with sever-
ity of central stenosis grade (men: p = 0.009; women:
p = 0.004). Severe central canal stenosis was related to
symptomatic individuals butmoderate stenosis was not.
Burgstaller 2016 150 No correlation between central canal grade and SSMpain
domain or NRS pain.
Burgstaller 2016 150 No correlation between neural exit foramina grade and
SSM pain domain or NRS pain when analysis was per-
formed for all graded levels or for the most severe level
for each participant.
0 — normal; 1 — mild central canal epidural fat
overgrowth, 2 — moderate overgrowth; 3: —
severe overgrowth
Burgstaller 2016 150 No correlation between central canal grade SSM pain do-
main or NRS pain.
Presence or absence of epidural fat around the
central canal.
Moojen 2018 159 No difference in VAS pain or MRDQ between groups
at baseline before surgery. Absence of epidural fat pre-
dicted a higher rate of satisfactory response to surgical
decompression (p = 0.03).




Table B.10: Results of studies assessing the clinical relevance of quantitative measurements of nerve root com-
pression within the lateral recess and neural exit foramina.
Grading System Reference N Results
0 — No contact of the disc with the nerve root; 1
— contact with no deviation of nerve roots; 2 —
contact with deviation of nerve root; 3 — Com-
pression of nerve root (nerve roots deformed).
Sirvanci 2008 63 No significant correlation of lateral recess grade with
ODI.
Alicioglu 2012 70 No correlation with lateral recess grade and JOA score or
improvement in JOA score post surgery. No significant
difference in lateral recess grade between those improv-
ing with surgery and those showing no improvement.
Burgstaller 2016 50 No correlation of neural exit foramen grade with SSM
pain domain or NRS pain when analysis was performed
for all graded levels or for the most severe level for each
participant.
0 — no narrowing; 1— narrowing, no root com-
pression; 2 — significant narrowing, nerve root
flattened, preservationof cerebrospinalfluid; 3—
severe root compression, no CSF.
Burgstaller 2016 50 No correlation of lateral recess grade with SSM pain do-
main or NRS pain when analysis was performed for all
graded levels or for the most severe level for each parti-
cipant.
0 — normal; 1 — narrowing without root com-
pression; 2 — nerve root compression
Kuittinen 2014 84 No significant correlation between lateral recess grade
and post-operative improvement in NRS leg pain, ODI,
maximumobjective walking distance or patient satisfac-
tion.
0 — Normal foramina; 1 — deformity of the
epidural fat but still completely surrounding the
nerve root; 2 — epidural fat only partially sur-
rounds the nerve root; 3—obliteration of the epi-
dural fat.
Alicioglu 2012 70 No correlationbetween foraminal grade and JOAscore or
improvement in JOA score post surgery. No significant
difference in lateral recess grade between those improv-
ing with surgery and those showing no improvement.
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ODI Sirvanci 2008 63 No linear correlation
Park 2010 1226 No linear correlation
Sigmundsson 2011 109 No linear correlation
Hong 2015 73 Positive correlation
SF-36 Park 2010 1226 No linear correlation
Sigmundsson 2011 109 No linear correlation
Hong 2015 73 No linear correlation
VAS Pain Kapural 2007 719 No linear correlation
Sigmundsson 2011 109 Negative correlation with leg pain (p = 0.03)
Objective WD Zeifang 2008 63 No linear correlation
Subjective WD Sigmundsson 2011 109 No linear correlation
SBI Park 2010 1226 No linear correlation
LPBI Park 2010 1226 No linear correlation
LBPBI Park 2010 1226 No linear correlation
EQ-5D Sigmundsson 2011 109 No linear correlation
BDI Hong 2015 73 No linear correlation
BAI Hong 2015 73 No linear correlation
PSQI Hong 2015 73 No linear correlation
Multi-Level Stenosis Objective WD Zeifang 2008 63 No significant relationship.
Kuittinen 2014 84 Patients with multi-level stenosis had longer
maximumWD (p = 0.022)
SF-36 Sigmundsson 2011 109 Patients with multi-level stenosis showed higher
levels of SF-36 general health domain scores (p =
0.04).
Hong 2015 73 No significant relationship.
ODI Sigmundsson 2011 109 No significant relationship.
Hong 2015 73 Higher ODI is seen in multi-level stenosis (p =
0.04)
VAS Pain Sigmundsson 2011 109 No significant relationship.
EQ-5D Sigmundsson 2011 109 No significant relationship.
BDI Hong 2015 73 No significant relationship.
BAI Hong 2015 73 No significant relationship.
PSQI Hong 2015 73 No significant relationship.
Table B.12: The results of studies assessing the prognostic significance of multi-level stenosis.
Reference N Result
Park 2010 1226 This cohort study measured SF-36, ODI stenosis, leg pain or low back pain bothersomeness index
as outcome variables. Patients without degenerative spondylolisthesis (n = 619) with single level
stenosis who underwent surgery showed increased overall patient satisfaction at 2 years and higher
surgical treatment effects in terms of satisfaction compared to multi-level stenosis. Patients with
spondylolisthesis (n = 607) showed higher overall SF-36 and ODI scores in single level patients at
two years and higher surgical treatment effect in terms of low back pain bothersomeness compared
tomulti-level stenosis. There was no significant difference in the other outcome variables between
groups.
Sigmundsson 2012 109 Patients with multi-level stenosis had lower post-operative VAS leg pain scores compared to single
level disease (p = 0.06).
Kuittinen 2014 84 One level central stenosis (any narrowing of the central canal) predicted lower NRS post-operative
back pain compared to patientswith two ormore levels (p = 0.026). No significant difference found




B.2 Systematic review search strategy
The search was performed on the 23 August 2017.
Table B.13: EMBASE Classic + EMBASE 1980 to 2017 Week 34
No. Search Term Citations
1 lumbar 154 902
2 lumbosacral 15 795
3 sacral 23 146
4 exp Lumbar Vertebrae/ 18 658
5 exp Lumbosacral Region/ 488
6 exp Sacrum/ 9247
7 stenos?s 270 850
8 claudication 18 911
9 Nerve root 14 196
10 Cauda equina 7284
11 Compres* 202 604
12 exp Spinal Stenosis/ 9890
13 exp Intermittent Claudication/ 9783
14 exp Nerve root compression/ 2683
15 Magnetic resonance 1 100 330
16 MRI 336 718
17 exp Magnetic Resonance Imaging/ 761 918
18 1 OR 2 OR 3 OR 4 OR 5 OR 6 184 654
19 (9 OR 10) AND 11 6373
20 7 OR 8 OR 12 OR 13 OR 14 OR 19 291 560
21 15 OR 16 OR 17 1 133 129
22 18 AND 20 AND 21 3942
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Table B.14: MEDLINE (R) 1946 to August Week 2 2017
No. Search Term Citations
1 lumbar 99 651
2 lumbosacral 20 564
3 sacral 13 403
4 exp Lumbar Vertebrae/ 47 085
5 exp Lumbosacral Region/ 11 383
6 exp Sacrococcygeal region/ 3666
7 exp Sacrum/ 8233
8 stenos?s 174 632
9 claudication 12 316
10 Nerve root 5936
11 Cauda equina 5048
12 exp Cauda equina/ 3228
13 Compres* 127 248
14 exp Spinal Stenosis/ 5268
15 exp Intermittent Claudication/ 7966
16 exp radiculopathy/ 4493
17 Magnetic resonance 606 334
18 MRI 173 769
19 exp Magnetic Resonance Imaging/ 388 420
20 1 OR 2 OR 3 OR 4 OR 5 OR 6 OR 7 123 380
21 (10 OR 11 OR 12) AND 13 3327
22 8 OR 9 OR 14 OR 15 OR 16 OR 21 191 445
23 17 OR 18 OR 19 633 567
24 20 AND 22 AND 23 2223
Table B.15: Web of Science search strategy
No. Search Term Citations
1 TS = (lumbar) OR TI = (lumbar) 83 887
2 TS = (lumbosacral) OR TI = (lumbosacral) 8500
3 TS = (sacral) OR TI = (sacral) 13 690
4 TS = (stenosis) OR TI = (stenosis) 129 586
5 TS = (claudication) OR TI = (claudication) 9241
6 TS = (Nerve root) OR TI = (Nerve root) 24 219
7 TS = (Cauda equina) OR TI = (Cauda equina) 3998
8 TS = (Compres*) OR TI = (Compres*) 497 070
9 TS = (Magnetic resonance) OR TI = (Magnetic resonance) 456 743
10 TS = (MRI) OR TI = (MRI) 250 070
11 #1 OR #2 OR #3 99 865
12 #6 OR #7 27 346
13 #12 AND #8 3505
14 #4 OR #5 OR #13 140 004
15 #9 OR #10 586 210
16 #11 AND #14 AND #15 1548
Table B.16: Cochrane Library search strategy




4 MeSH descriptor: Lumbar Vertebrae – explode all trees 2599
5 MeSH descriptor: Lumbosacral Region – explode all trees 394
6 MeSH descriptor: Sacrum – explode all trees 119
7 stenos?s 9155
8 claudication 1945
9 Nerve root 949
10 Cauda equina 130
11 Compres* 7813
12 MeSH descriptor: Spinal Stenosis – explode all trees 265
13 MeSH descriptor: Intermittent Claudication – explode all trees 850
14 MeSH descriptor: Radiculopathy – explode all trees 271
15 Magnetic resonance 19 789
16 MRI 10 060
17 MeSH descriptor: Magnetic Resonance Imaging – explode all trees 7463
18 #1 OR #2 OR #3 OR #4 OR #5 OR #6 11 118
19 (#9 OR #10) AND #11 253
20 #7 OR #8 OR #12 OR #13 OR #14 OR #19 11 200
21 #15 OR #16 OR #17 21 215
22 #18 AND #20 AND #21 158
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B.3 Systematic review results: additional tables
Table B.17: Reported sensitivity (sens.) and specificity (spec.) of the sedimentation sign for the presence of LSS.
Citation Case Population Control Population Sens. % Spec. %
Barz 2010 100 orthopedic patients with NC, DS-CSA
<80 mm2 and WD <200 meters
100 orthopedic patients with non-specific




67 secondary care patients with sympto-
matic LSS from the Michigan spinal sten-
osis study. Definition of radiological sten-
osis not provided.
31 secondary care patients with non-
specific LBP, 4 with vascular claudication
and 46 asymptomatic controls.
42–66 49–78
Laudato 2015 110 secondary care patients with sympto-
matic LSS. Definition of radiological sten-
osis not provided. 73 managed surgically,
37 conservatively.
27 secondary care patients with non-
specific LBP.
56 93
Zhang 2017 105 orthopedic outpatients with NC and
DS-CSA <120 mm2.
215 orthopedic outpatients with non-
specific LBP.
77.1 53.0
Table B.18: Reported sensitivity (sens.) and specificity (spec.) of grades C and D of the grading system proposed
by Schizas et al. for the presence of LSS.
Citation Case Population Control Population Sens. % Spec. %
Schizas 2010 95 secondary care patients with sympto-
matic LSS. Definition of radiological sten-
osis not provided. 37 managed surgically,
31 conservatively.
27 secondary care patients with non-
specific LBP.
61.8 88.8
Laudato 2015 110 secondary care patients with sympto-
matic LSS. Definition of radiological sten-
osis not provided. 73 managed surgically,
37 conservatively.





Table B.19: Case-control studies comparing measurements of the ligamentum flavum.
Citation Case Population Control Population Results
Kim 2015 117 pain clinic outpatients
with symptoms of NC and
radiological LSS diagnosed by
a neuroradiologist.
91 individuals undergoing
MRI as part of a routine
medical checkup without
symptoms of LSS
Ligamentumflavumarea and ligamentumflavum thick-
ness at the most stenotic level were greater in the neuro-
genic claudication group compared with the control
group (p <0.001).
Kim 2017 168 pain clinic outpatients
with symptoms of NC and
radiological LSS diagnosed by
a neuroradiologist.
167 individuals undergoing
MRI as part of a routine
medical checkup without
symptoms of LSS
ROC analysis showed a ligamentum flavum area cut-off
at L4/5 of 105.9 mm2 had an 80.1% and 76.0% specificity
with AUC of 0.83. A ligamentum flavum thickness of
3.74 mm had a 70.5% sensitivity and 66.5% specificity
with AUC of 0.72.
Table B.20: Reported findings for other MRI measurements. FA – fractional anisotropy.
Citation MRI Measure-
ment






58 secondary care pa-
tients with canal stenosis
and claudication.
15 patients with other
lumbar diseases and 13
asymptomatic volun-
teers.
Significantly greater venous plexus defects were
seen in neurogenic claudication patients com-
pared both to other lumbar diseases (p <0.0001)
and asymptomatic controls (p <0.0001). More
severe grades were associated with shorter
claudication distances.
Hou 2015 Nerve Root
Tractography
31 patients with NC and
a min. DS-CSA less than
two-thirds that at the
corresponding normal
intervertebral space.
20 healthy volunteers Mean FA values were lower in neurogenic
claudication patients (p <0.001). Healthy vo-
lunteers showed symmetrical and complete
tractography whereas 49% of nerve roots in
neurogenic claudication participants showed
thinning and distortion and 23% showed focal
loss of tracing.
Kim 2015 Spinal Canal
Area
117 pain clinic outpa-
tients with symptoms of
NC and radiological LSS
diagnosed by a neurora-
diologist.
91 individuals under-




Minimal spinal canal area was significantly smal-








23 secondary care pa-
tients with spinal sten-
osis (DS-CSA <70 mm2)
and NC.
10 asymptomatic volun-
teers with DS-CSA >100
mm2 at all levels
In patients with stenosis, the signal intensity of
the cauda equina at the site of stenosis peaked
later than controls and maintained abnormal en-







tients with NC and an
AP spinal canal diameter
less than 9 mm.
120 orthopedic outpa-
tients with non-specific
LBP and a group of 120
patients with lumbar
disc herniation and ra-
diculopathy.
The sacral angle in NC patients was significantly
smaller compared to control and lumbar disc her-
niation groups (p <0.05). No significant differ-
ence in vertical angle of sacral curvature between
groups identified.
Chun 2017 Phase Contrast
Measurement of
CSF Flow
4 patients with NC and
anatomical LSS (not fur-
ther defined).
8 healthy volunteers. No significant difference in CSF flow between pa-
tients and controls at rest. After walking for 30
minutes or to claudication onset, claudication pa-
tients showed significantly lower velocities than
controls.






40 healthy volunteers. Multifidus fat infiltration ratio andmuscle asym-
metry ratio were significantly greater and the
lumbar muscularity (adjusted for vertebral body
size) was significantly lower in the neurogenic
claudication group compared to the control group
(p <0.05). No significant difference in over-




Table B.21: Table of study results relating to the Oswestry Disability Index
Reference Study Population Results
Sirvanci 2008 63 Surgically Managed Pa-
tients
No significant correlation between min. DS-CSA and ODI. No significant relation-
ship between min. DS-CSA categorised as severe stenosis (< 76 mm2) moderate sten-
osis (76–100 mm2) and normal (>100 mm2) and ODI disability categories.
Schizas 2010 68 Secondary Care Outpa-
tients
No correlation between the min. DS-CSA per patient and ODI in either surgical (n =
37) or conservatively (n = 31) managed patients (groups were analyzed separately).
Sigmundsson
2011
58 Surgically Managed Pa-
tients
No significant correlation between min. DS-CSA or the number of stenotic levels
(thresholdDS-CSA< 70mm2) and theODI. No significant difference inODI between
single level and multi-level stenosis groups.
Goni 2014 50 Secondary Care Outpa-
tients
No significant relationship betweenmin. DS-CSA categorised as severe stenosis (<76
mm2) moderate stenosis (76–100 mm2) and normal (> 100 mm2) and ODI disability
categories. A DS-CSA < 70mm2 was associated withmore severe disability groups (p
= 0.026).
Hong 2015 74Referrals for Epidural Ad-
hesiolysis
No significant correlation between min. DS-CSA and ODI. Small positive correla-
tion between number of stenotic levels and ODI (threshold DS-CSA < 100 mm2, p <
0.045). Patients with single level stenosis had lower ODI scores compared to those
with multi-level stenosis (p = 0.040).
Kim 2015 117 Secondary Care Outpa-
tients
No significant correlation between min. DS-CSA per patient and ODI.
Marawar 2016 30 Secondary Care Outpa-
tients
No correlation between min. DS-CSA per patient and ODI (patients with DS-CSA <
70 and > 70 mm2 analyzed separately) or between average DS-CSA and ODI (multi-
level or single level stenosis analyzed separately, threshold DS-CSA < 100 mm2). No
significant difference in ODI between min. DS-CSA < 70 and > 70 mm2 groups or
between single level,and multi-level stenosis.
Prasad 2016 48 Surgically Managed Pa-
tients
No significant correlation between min. DS-CSA per patient and ODI.
Alsaleh 2017 54 Secondary Care Outpa-
tients
No significant correlation between min. DS-CSA per patient and ODI.
Lau 2017 70 Secondary Care Outpa-
tients
No significant correlationbetweenmin. DS-CSAandODIon supine or standingMRI.
Table B.22: Table of study results relating to the Short Form 36 Questionnaire.
Reference Study Population Results
Sigmundsson
2011
109 Surgically Managed Pa-
tients
No significant correlation between the min. DS-CSA or number of stenotic levels
(threshold DS-CSA < 70 mm2) and SF-36 physical function, role physical, bodily
pain and general health domains. Patients with multilevel stenosis had significantly
greater SF-36 general health scores (p = 0.04) but no difference in other domains.
Hong 2015 73 Referrals for Epidural Ad-
hesiolysis
No significant correlation betweenmin.DS-CSAandSF-36 bodily pain physical func-
tion role physical and general health domains. No correlation between number of
stenotic levels (threshold DS-CSA < 100 mm2) and SF-36 domains or difference
between single and multi-level stenosis groups.
Marawar 2016 30 Secondary Care Outpa-
tients
No significant correlation between DS-CSA at any analysed level and any SF-36 do-
main.
Prasad 2016 48 Surgically Managed Pa-
tients
No significant correlation between min. DS-CSA and SF-36 physical function and
mental health domains.
Alsaleh 2017 54 Secondary Care Outpa-
tients
No significant correlation between min. DS-CSA and SF-36 score.
Lau 2017 70 Secondary Care Outpa-
tients
No significant correlation betweenmin. DS-CSA and SF-36 physical health ormental
health domains on supine or standing MRI.
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Table B.23: Table of study results relating to pain severity.
Reference Study Population Results
Barz 200819 25 Surgically Managed Pa-
tients
No significant correlation between min. DS-CSA and overall pain.
Sigmundsson
201124
109 Surgically Managed Pa-
tients
No significant correlation between min. DS-CSA and leg or low back pain identified.
Small negative correlation between the number of stenotic levels (threshold DS-CSA
< 70mm2) and leg pain (r = -0.24 p = 0.03) but no correlation with low back pain was
identified. No significant difference in leg or low back pain between single level and
multi-level stenosis groups.
Kanno 201223 88 Referrals for Surgical
Management
No significant correlationwas identifiedbetweenminD�S-CSAand legpainornumb-
ness on standard supine MRI. On axial loading a moderate negative correlation with
leg numbness (r = -0.35, p < 0.01) was identified but the relationship with leg pain
remained non-significant.
Hong 201528 73 Referrals for Epidural Ad-
hesiolysis
No significant correlation between min. DS-CSA or the number of stenotic levels
(threshold DS-CSA < 100mm2) and overall pain. No significant difference in overall
pain between single and multi-level stenosis groups.
Kim 201522 117 Secondary Care Outpa-
tients
No significant correlation between min. DS-CSA and leg or low back pain.
Burgstaller
201630
150 Secondary Care Outpa-
tients
No significant correlation between min. DS-CSA or per segment DS-CSA and overall
pain scores.
Marawar 201642 30 Secondary Care Outpa-
tients
No significant correlation between leg pain andDS-CSA at any analysed levels. Right
and left leg pain were analysed separately.
Prasad 201618 48 Surgically Managed Pa-
tients
No significant correlation between min. DS-CSA and leg or low back pain.
Lau 201725 70 Secondary Care Outpa-
tients
No significant correlationbetweenmin.DS-CSAand legpainwhen supine. On stand-
ing MRI a small negative correlation between min. DS-CSA and leg pain was identi-
fied (r = -0.20, p < 0.05).
Table B.24: Results relating to other measurements of disability and quality of life.
Outcome Reference Study Population Results
JOA Kanno 2012 88 Referrals for Surgical
Management
A small positive correlation was identified between min. DS-CSA and
JOA score (r = 0.27, p < 0.05) on standing MRI. On axial loading, the
strength of correlation increased (r = 0.45, p < 0.001).
Prasad 2016 48 Surgically Managed Pa-
tients
No significant correlation between min. DS-CSA and JOA score.
ZCQ Burgstaller 2016 150 Secondary Care Outpa-
tients
No significant correlation between min. DS-CSA or per segment DS-
CSA and the symptom severity domain of the ZCQ.
Marawar 2016 30 Secondary Care Outpa-
tients
Positive correlation between ZCQ symptom severity domain score and
DS-CSA at L2-L3 (p value not stated). No significant correlation found
at any other level.
NCO Weiner 2007 27 Secondary Care Outpa-
tients
No significant correlation between NCOS and min. DS-CSA.
EQ-5D Sigmundsson
2011
109 Surgically Managed Pa-
tients
No significant correlation between min. DS-CSA or the number of
stenotic levels (threshold DS-CSA < 70 mm2) and EQ-5D scores. No




Hong 2015 73 Referrals for Epidural Ad-
hesiolysis
No significant correlation betweenmin. DS-CSA or number of stenotic
levels (DS-CSA < 100 mm2) and BDI, BAI or PSQI. No significant dif-
ference in BDI, BAI or PSQI between single and multi-level stenosis
groups.
COMI Mannion 2017 157 Surgically Managed Pa-
tients




Note: the following protocols are lightly edited versions of the protocols established at the beginning of the PhD and as
such are written as though participant recruitment and data collection is a future event.
C.1 BOOST RCT imaging standard operating procedure
C.1.1 Purpose of BOOST imaging SOP
This SOP sets out the protocol for collection, pro-
cessing and reporting of MRI data for participants of
the BOOST randomised controlled trial. A standard
operating procedure is required for compliance with
good clinical practice and to standardise handling of
significant unexpected findings in the MRI data that
require urgent referral back to an appropriate clini-
cian.
MRI data will be collected for all participants, ex-
cept where contraindicated or where the patient de-
clines consent. Imaging data is stored in a standard-
ised format – digital imaging and communications in
medicine (DICOM). This contains the image data it-
self and a “header” which contains patient informa-
tion and MRI acquisition parameters for each study.
DICOMfiles are storedwithin a picture archiving and
communication system (PACS) maintained by each
NHS trust. An electronic network exists for transfer
of DICOM files between the PACS run by different
trusts – the image exchange portal (IEP).
Participants will be referred for an MRI study of
the lumbar spine if they have not already undergone
one in the 12 months prior to randomisation. Where
a recent clinical MRI study exists, it will be used in
place of a specific research study. While the trial aims
to exclude individuals with symptoms or signs of ser-
ious pathology, such as cauda equina syndrome or
malignancy, it is possible that a clinical or research
study will demonstrate findings that require urgent
referral back to a patientsGPor spinal surgeon for fur-
ther management. It is expected that for studies per-
formed for clinical reasons the performing NHS de-
partment will have already reported and acted upon
the study results, however this will not be the case for
studies performed for research purposes. Timely re-
view and reporting of all research studies by the trial
radiologist is therefore required, with appropriate ac-
tion taken on any unexpected findings.
C.1.2 Definitions
• Clinical MRI — A magnetic resonance imaging
study performed by an NHS trust for clinical pur-
poses, as opposed to a study requested specifically
for the purposes of the trial.
• DICOM—The file format for storage of MRI data.
• DICOMHeader—The part of the DICOMfile used
for storage of patient demographic and study para-
meter information.
• image exchange portal (IEP) — a secure electronic
system for transfer of DICOM files between NHS
trusts
• Insignia — DICOM viewing software used by
University Hospital Coventry and Warwickshire
(UHCW)
• OSIRIX — DICOM viewing software for the Ma-
cOS operating system.
• picture archiving and communication system
(PACS) — The electronic storage system for
DICOM files maintained by the radiology depart-
ment at UHCW.
• PACS team—The team of individuals responsible
for operation andmaintenance of the PACSand IEP
systems.
• Research MRI — A magnetic resonance imaging
study requested and performed specifically for the
purpose of the trial.
• Warwick team— the University of Warwick based
team coordinating MRI data collection and report-
ing, consisting of the trial radiology registrar and
consultant, and based at UHCW.
C.1.3 Responsibilities
Trial radiology registrar—Dr Richard Gagen
AGMC registeredmedical practitioner holding a spe-




• Organisation of the transfer and collection of the
MRIdata once informedof participant information
by the trial management team.
• Maintenance of a database of the status of all MRI
data.
• Initial reporting of all collected studies.
• Notificationof an appropriate responsible clinician
(generally the patients general practitioner) in the
event of a significant unexpected finding on a trial
MRI study.
Trial radiology consultant—Prof. Charles Hutchinson
A GMC registered medical practitioner practising as
a NHS consultant radiologist with special interest in
musculoskeletal imaging.
Responsibilities:
• General clinical supervision of the trial radiology
registrar.
• Review of all research MRI studies.
• Review of all MRI studies where there is a signific-
ant unexpected finding.
BOOST trial management team
Themanagement team running the BOOST random-
ised controlled trial.
Responsibilities:
• Forwarding of MRI scan forms completed by re-
cruiting centres to the trial radiology registrar.
• Managing storage of the backup of MRI data and
reports taken to Oxford on a 3 monthly basis.
• Provision of the contact details of a participant’s
GP to the trial radiology registrar in the event of a
significant unexpected clinical finding.
C.1.4 Specific procedure
MRI data collection
Notification of trial radiology registrar of a new parti-
cipant. Aspart of baseline data collection for eachpar-
ticipant the recruiting trial centre completes an MRI
scan form. This records basic patient identity inform-
ation, the location and date of any lumbar MRI study
in the 12 months prior to randomisation and, if ap-
propriate, whether they consent to have a MRI for
the purposes of the trial. On completion, this form is
sent to theBOOSTmanagement team,who forward it
alongside an address for each participant, to the trial
radiology registrar. The transfer is performed email
link to a secure server where the MRI scan forms are
temporarily stored.
Patients with a recent NHS clinical MRI of the
lumbar spine. For patients with a clinical MRI of the
lumbar spine performed at an NHS trust within 12
months of randomisation, the trial radiology regis-
trar will complete a PACS transfer request form, us-
ing the participant information provided on the MRI
scan form, and send this to the PACS team at UHCW.
The information required by the PACS team to pro-
cess the request includes: participant name, date of
birth, address NHS number, gender, and the name of
the hospital performing the study. The PACS team
will contact the relevant NHS trust and request elec-
tronic transfer of the study to the UHCW PACS, via
the IEP network, where it will reside for a period of 14
days before automatic deletion. During this period,
the trial radiology registrar will export the images in
DICOM format to an SSD using the Insignia software
package. The DICOM images are automatically an-
onymized during the export process – with replace-
ment of the DICOM header fields for the patient’s
name and ID with “Pat1” and a pseudo-random date
of birth and study date. The DICOM files will be
stored on the solid state drive (SSD) with a separ-
ate folder for each participant. Each folder will be
named with the participant’s trial ID. After transfer
to the SSD the DICOM headers will be modified, us-
ing the DICOM browser software package, such that
the name and ID fields are the participants trial ID.
Patients without a recent clinical MRI of the lumbar
spine. For participants without a clinical MRI of the
lumbar spinewithin 12months of randomisation, the
recruiting centre will request a research MRI study
with the agreed local radiology provider. After re-
ceipt of the MRI scan form, the trial radiology regis-
trar will contact the local radiology provider within a
one-month period to check the date the participant
has been booked for their MRI. After this date has
passed the trial radiology registrar will confirm com-
pletion of the study. Where an NHS trust has per-
formed the researchMRI the procedure for transfer of
the images will be as stated below. Where a private
centre outside the IEP network has performed the re-
search MRI the private centre will send the study via
compact disc (CD) to the trial radiology team. On re-
ceipt of the CD the images will be exported to an SSD
and anonymized and storied as below.
Data storage and backup. An electronic copy of all
received MRI scan forms and all PACS transfer re-
quest forms produced will be kept on a password pro-
tected user account maintained by the UHCW trust.
A hard-copy of all MRI scan forms received will be
printed and stored with the SSDs in the locked of-
fice. On successful receipt of the images for each par-
ticipant the electronic copy of theMRI scan form and
PACS transfer request form will be deleted.
All MRI DICOM files will be stored in anonym-
ized format upon a SSD kept within a locked office
in the clinical sciences building on the UHCW cam-
pus. A backup of all MRI data will bemade at the end
of each week to a second backup SSD kept within the
same office. At least every third month a copy of all
data will be taken to Oxford to be stored on a secure
server maintained by Oxford University. Any CDs re-
ceived from private imaging centres will be stored in
a locked office in the clinical sciences building until
the completion of the trial.
Database of participant MRI studies. An excel
spread sheet will be maintained by the trial radiology
page 156
Study Protocols
Figure C.1: Flowchart describing BOOSTMRI data collection.
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registrar containing anonymized data on the status of
each participants MRI data. The date that each MRI
scan form is received by the trial radiology registrar,
date of study, image transfer request and receipt and
reporting will be recorded. Once per month this data
will be forwarded to the BOOST trial management
team by email.
MRI reporting
Registrar radiology report. For all MRI studies re-
ceived, the trial radiology registrar will complete a
report, detailing any visualised pathology. The re-
port will follow the format standard of radiology re-
porting in the United Kingdom and will identify the
reported study by participant trial acID number and
gender only. No specific quantitativemetrics or qual-
itative grading systems will be used in the report, ex-
cept where the grading system is likely to be under-
stood by a spinal surgeon and will convey informa-
tion that may change a participant’s clinical manage-
ment.
The trial radiology registrar will aim to complete
the report within one week of receipt of images. Dur-
ing the peak of participant recruitment this may be-
come difficult due to the large number of expected
studies. In the event of a reporting backlog develop-
ing reporting of researchMRIs will be prioritised as it
is expected that the performing radiology department
will have reported clinical MRIs.
Consultant radiology review. The trial radiology
consultant will review the imaging and registrar re-
port for all research MRI studies. Where there is dis-
crepancy between the consultant’s and registrar’s in-
terpretation of the imaging, the report will be altered
to reflect the consultant’s interpretation. Consultant
review of research MRIs will take place within one
week of the initial registrar radiology report.
Clinical MRIs will not be routinely reviewed by
the trial radiology consultant, as it is expected that
these studies will have been reported by a radiology
consultant at the performing radiology department.
In cases where the radiology registrar has uncertainty
with regards to the interpretation of a clinical MRI,
however, a consultant review of the study will be
sought.
Reporting environment. DICOM images will be
viewed for reporting using the software package
Osirix, run on a mid-2015 27” iMac. The iMac is kept
in the same office as the SSDs noted above. Reports
will be produced in Microsoft Word. On completion,
they will be stored as PDFs on the SSD hard drive.
Backups will be made once per week to the backup
SSD. At least once aver 3rdmonth a copy of all reports
will be taken to Oxford for secure storage on a sever
maintained by the University of Oxford.
Completion of trial. On completion of the BOOST
trial participants who have undergone a clinical MRI
will have the report of their MRI sent to them by the
trial management team.
C.1.5 Managing significant unexpected find-
ings
Definition. By the nature of the participant’s age and
presence of neurogenic claudication, it is expected
that the MRI studies will show degenerative changes
within the lumbar spine. These degenerative changes
will include facet joint and ligamentum flavum hy-
pertrophy, intervertebral disc bulge, protrusion or ex-
trusion, and/or spondylolisthesis. It is expected that
in most participants the degenerative changes will
result in stenosis of the central spinal canal, lateral
recesses or neural exit foramina.
Pathology outside the above, that requires urgent
clinical assessment and management, is for the pur-
poses of this document defined as a significant unex-
pected finding. This may include, but is not limited
to:
• Large disc protrusion/extrusion compressing the
cauda equine
• Suspected neoplastic disease
• Acute fracture
• Abdominal aortic aneurysm
Identification of significant unexpected findings.
Where a significant unexpected finding is identified
on initial reporting by the trial radiology registrar,
corroboration of the nature of the unexpected patho-
logy and advice will be sought from the consultant
radiologist. A consultant agreed report will be pro-
duced with clear statement of the identified signi-
ficant pathology. The report will identify the parti-
cipant by trial ID, name, date of birth and NHS num-
ber as recorded on theMRI scan form. The report will
contain contact details for the trial radiologists and
information on how to access the DICOM files in the
event of admission of the participant to a secondary
care centre.
Informing the participants GP. After completion of
the consultant agreed report and comparison with
any pre-existing report for clinical MRIs, a decision
will be made by the trial radiology consultant, with
regards towhether the participants GP needs to be in-
formed. This decision will be made based upon the
nature of the identified pathology and the likelihood
of harm to the participant if not acted upon.
Where a decision is taken to inform the parti-
cipants GP, the trial radiology registrar will contact
the BOOST trial management team by telephone,
who will obtain details of the participants GP and
pass these by phone to the trial radiology registrar. In
normal working hours, the trial registrar will phone
the relevant GP surgery and speak to the duty doctor
to inform them of the finding. If out of hours and the
finding is of significant urgency that it would likely
lead to admission overnight, the trial radiology regis-
trar will contact the out of hours GP service in the rel-
evant area to inform them of the finding. In all cases
the radiology report will be faxed to the GPs surgery.
Availability of research MRI studies for secondary
care review. In the event of a significant unexpected
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Figure C.3: Flowchart describing the management of significant unexpected findings on a BOOSTMRI study.
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finding and the admission of said patient to a sec-
ondary care centre, it is highly likely that the treating
physicians and associated radiology team will wish
to review the study. Where the study has been per-
formed in an acNHS radiology department the sec-
ondary care centre will be able to transfer the im-
ages to their PACS via IEP. For studies performed
privately and transferred to the trial radiologists by
CD, the study, on discovery of the significant unex-
pected finding, will be added to the UHCWPACS sys-
tem under the participant’s details, allowing the sec-
ondary care centre to transfer the study to them via
IEP.
Completion of significant adverse event report. For
any significant unexpected pathology identified,
where a decision has been made to inform the par-
ticipants GP, a significant adverse event report will
be completed and forwarded to the BOOST trialman-
agement team.
C.2 Imaging control group recruitment
C.2.1 Study design overview
The following protocol sets out the process for re-
cruitment of an imaging control group for compar-
isonwithparticipants of theBOOST randomised con-
trolled trial. BOOST participants are recruited based
on the presence of neurogenic claudication defined
for the purposes of the trial by the following ques-
tions:
1. In the past 6 WEEKS, have you had back
pain and/or pain or other symptoms such as
tingling, numbness or heaviness that travelled
from your back into your buttocks or legs?
2. Does standing make the pain or symptoms in
your buttocks or legs worse?
3. Does walking make the pain or symptoms in
your buttocks or legs worse?
4. Does sitting down make the pain or symptoms
in your buttocks or legs better?
5. Does bending forward (for example to push a
shopping trolley) make the pain or symptoms
in your buttocks or legs better?
Patients who answer the first question as yes, and
at least one of questions 2 to 5 as yes are judged to
have neurogenic claudication.
This study aims to recruit a population of patients
who have been referred by their GP for an MRI scan
for LBP, but who do not have neurogenic claudica-
tion. TheMRI scans collected from these participants
will be used as a comparison group with the MRIs
collected from the BOOST participants. It is hoped
that by comparing the various MRI measurements
that have been used to characterise spinal stenosis
between two groups, the measurement that best sep-
arates them and its optimum threshold for doing this
can be established.
The full clinical importance of this measurement
and associated threshold would then be established
by further work, bothwithin the BOOST trial and po-
tentially further studies, but could potentially act as
a diagnostic threshold for lumbar spinal stenosis.
C.2.2 Objective and outcome measures
Research objective
To assess whether measurements of the spinal canal
on magnetic resonance imaging of the lumbar spine
can differentiate reliably between people with neuro-
genic claudication and thosewithnon-specific lower-
back pain, whatmeasurement does this most reliably
and with what diagnostic threshold.
Primary hypothesis
The dural-sac cross-sectional area at the site of most
severe stenosis is smaller in patients with neurogenic
claudication compared to LBP groups and can separ-
ate the two groups with an acceptable sensitivity and
specificity.
Secondary hypothesis
As for the primary hypothesis but with the following
anatomical measurements:
• Quantitative measurement of:
– Lateral recess height
– Neural exit foramen height
• Qualitative measurement of:
– Relationship between CSF and Cauda Equina as
per Schizas et al. (2010).
– Compromise of the central canal as per Lurie et
al. (2008a).
– Foraminal nerve-root impingement as per Pfir-
rmann et al. (2004).
Measurements relating to both the primary and
secondary hypothesis listed above will be measured
at each spinal level for which axial imaging is avail-
able. They have been chosen based upon a recently
published consensus criteria for radiology reporting
in spinal stenosis (Andreisek et al. 2014).
C.2.3 LBP study population
All patients over 65 referred to the University Hospit-
als Coventry and Warwickshire (UHCW) for MRI of
the lumbar spine by their general practitioner with a
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primary history of lower back pain will be considered
for recruitment.
With the exception that patients with neurogenic
claudication are excluded rather than included, the
study inclusion and exclusion criteria are listed be-
low and have been chosen to match as closely as pos-
sible the BOOST trial inclusion and exclusion criteria
to ensure comparability between BOOST and control
groups.
Inclusion criteria
• Registered with a primary care practice
• Referred by their GP for MRI examination at
UHCWof the lumbar spine for investigation of low
back pain.
• Aged 65 years and over.
• Participant is willing and able to give informed
consent for participation in the trial.
• Patient does not report symptoms consistent with
neurogenic claudication.
Exclusion criteria
• Living in a residential care or nursing home.
• Has a terminal condition with a life expectancy of
fewer than 6 months.
• Unable to walk 3 meters without the help of an-
other person.
• On a surgical waiting list for back pain or related
conditions.
• Cognitive impairment (defined as an Abbreviated
Mental Test score of 6 or less).
• Registered blind.
• Unable to follow verbal instructions.
• Signs of serious pathology on MRI lumbar spine
that requires immediate referral for further man-
agement (e.g. neoplasia, signs of acute cauda
equina compression)
• Under the age of 65
C.2.4 Study procedures
Recruitment of LBP participants
The study will take place at a single centre (UHCW).
Potential participants will be identified by review of
GP referrals for lumbar spineMRI by amember of the
clinical team. Such participants will be sent a study
invitation letter alongside theirMRI booking inform-
ation by post. This is usually done up to a month in
advance of the planned MRI study date.
On arrival to the department, patients with ap-
pointments for an MRI scan are booked in at recep-
tion and undertake anMRI safety questionnaire with
either a radiographer or radiology department assist-
ant. At this point, potential participants will be asked
whether they would consider allowing the MRI im-
ages taken to be used for research purposes. If they
indicate they would consider this, a participant in-
formation sheet will be given, and a member of the
study team will attend to give further information
and check eligibility criteria.
Potential participants will be asked the first
neurogenic claudication self-report question from
the BOOST trial, detailed above. Only those who
answer no will undergo further screening. Such pa-
tients, who do not have pain radiating into the but-
tocks or legs, are highly unlikely to have neuro-
genic claudication and are potentially suitable for the
study. The remaining inclusion and exclusion cri-
teria will then be checked and patients who meet
these criteria will then be asked to provide informed
consent and recruited into the study.
Informed consent
Written informed consent will be taken by a member
of the study team. Before taking consent, time will
be given to read through the participant information
sheet.
The consent processwill takeplacebefore theMRI
study and will be conducted in the designated area
within the MRI department for consent and proced-
ure preparation. This area provides sufficient pri-
vacy for this purpose. The consent process will in-
volve both an explanation of the study, its use of
the patients MRI images and data and the fact it will
not change the patient’s subsequent management.
An opportunity to ask questions will be given. The
process is expected to take approximately 10 to 15
minutes, to allow time to properly explain the study
and answer any questions the participant may have.
We do not seek to include participants from vul-
nerable groups and will exclude participants who are
unable to provide consent themselves due to cognit-
ive or communication issues. If a potential parti-
cipant is unable to fully understand the verbal con-
sent process due to language differences, an attempt
will be made to find an interpreter. Where no inter-
preter can be found in a reasonable time frame the
patientwill be excluded from the study. Familymem-
bers will not be used for translation due to the diffi-
culties posed in ensuring a fair translation free of bias.
MRI study
The MRI study will be performed by a MR qualified
radiographer and takes approximately 20 minutes to
perform. The standard MRI protocol for GP low back
pain referrals at UHCW includes both sagittal T1 and
T2 weighted images of the lumbar spine from T8 to
S2 and axial T2 weighted images of at least the lower
3 lumbar discs, with additional levels imaged at the
discretion of the performing radiographer.
At UHCW the axial imaging is most often per-
formed as a single block, however, for the purposes
of the trial these will be performed angled to match
the intervertebral disc. This change is made to al-
low easier comparison to other centres where it is the
most commonmethod used. It does not significantly
affect scan time or study interpretation. No other
changes to the standard MRI protocol is planned.
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The study does not involve exposure to ionising
radiation or administration of intra-venous contrast
agent.
Data handling
On completion of the participants MRI the study im-
ages will be exported in anonymized format for stor-
age and subsequent analysis.
All participant’s MRI scans will have a clinical re-
port produced. Any patients identified to have ser-
ious pathology requiring urgent management (e.g.
neoplasia or signs of acute cauda equina compres-
sion) will be excluded at this stage. The clinical re-
port will not be used for research purposes and will
be distributed to the patient’s general practitioner fol-
lowing the general radiology reporting protocol es-
tablished at UHCW, as per normal radiology depart-
ment practice.
In addition to the MRI, data will be collected on
age, gender, BMI and ethnicity. This datawill be used
to ensure the sample is comparable to theBOOSTpar-
ticipants in these respects.
Withdrawal of participants
As no intervention or change in management is in-
volved, participants who do agree on the day but
subsequently change theirmind, can effectively fully
withdraw from the study up to the point of an-
onymisation before its publication. Notification of
withdrawal will be either verbal on the day of the
study or via written communication, by post or
email address provided on the participant informa-
tion sheet.
End of study definition
The studywill be complete after recruitment andMRI
scan of the last study participant.
C.2.5 Statistics and analysis
Blinding of MRI observers to participant group
Each MRI study will be assigned and identified only
by a random identification number, separate to the
participant identification number. The random iden-
tification number will be generated by an automated
algorithm run by a member of the study team not in-
volved in data collection. That individual will keep
a secure record of the key linking study ID to parti-
cipant ID and this will not be available to othermem-
bers of the research group until completion of data
collection. The order that MRIs studies are analysed
in will be randomised to prevent guessing of parti-
cipant group by the order of MRIs for analysis.
RandomisationofMRI study IDwill be performed
in blocks to allowprocessing of theMRI studies to be-
gin before all participant MRIs have been performed
and collected.
Data analysis plan
AllMRI studieswill be assessedby at least a single ob-
server. For each participant, the set of measurements
of the lumbar canal detailed in section 7will be recor-
ded at all levels for which axial images are available.
The primary observer will re-measure at least 20% of
the studies and a second observer will measure at
least 20%of the studies. Bothobserverswill be trained
using a handbook giving details on each measure-
ment alongside examples. Intra- and inter-rater reli-
ability will be assessed by Cohen’s Kappa statistic for
categorical variables (Cohen 1960) or the intra-class
correlation for continuous variables (Bartko 1976). In
the event of unacceptable intra- and inter-rater reli-
ability, as determined by discussion among the study
group, the number of repeatmeasurementswill be in-
creased, with averages for each measurement used in
subsequent data analysis.
Data analysis will be performed primarily by ROC
curve analysis (Obuchowski 2005). TheAUC for each
ROC curve will be calculated as a summary of the
overall diagnostic performance of each measurement
and presented alongside 95% confidence intervals. In
the event the ROC curves of the different measure-
ments cross, a partial AOC analysis prioritising spe-
cificity will be considered, after discussion between
the study team. The optimal threshold for separat-
ing the two participant groups for promising meas-
urements will be calculated using the Youden index
(Fluss et al. 2005) followed by calculation of the sens-
itivity and specificity of the optimal threshold.
The computer science department atWarwick has
produced an algorithm that applies neural network
based landmark recognition to MRI spine data. This
process can extract morphological information from
the MRIs and then can be trained to automatically
grade stenosis and potentially differentiate normal
from abnormal studies. The computer software to ap-
ply this has already been developed. Training and
testing this system for use in spinal stenosis is a po-
tential use of the data this studywill produce andwill
be explored after completion of the primary data ana-
lysis. All data used for this analysis will be fully an-
onymized.
Sample size
As of January 2018, BOOST has recruited 269 parti-
cipants with MRIs available for 159 (59%). As addi-
tional MRIs are performed for participants without
scans this percentage is expected to rise to approxim-
ately 80%. BOOST plans to recruit a total of 402 par-
ticipants and therefore we expect to have around 320
MRI s from BOOST participants.
Using an allocation ratio of 0.5 (2 BOOST par-
ticipants to 1 low back pain participant) and an al-
pha of 0.05, a sample size of 200 BOOST participants
and 100 low back pain participants would give a 90%
power to detect an area under the curve (AOC) of 0.6
(Obuchowski 2005). If the allocation ratio is reduced
to 0.35 then a sample size of 258 BOOST participants
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and 90 low back pain participants would be required
to give the same power.
In total we plan to recruit 150 participants. This
should give adequate power even in the event of pa-
tients withdrawing consent or under-performance of
the BOOST, both in terms of recruitment or provision
of MRI scans. A larger sample will also provide more
studies for training and testing the machine learning
system,which requires a large sample that canbe split
into both a training group, and a group that the res-
ultant model will be tested against.
UHCWperforms approximately 87 GPMRI spines
per month (data Jan to May 2017). Assuming a 60%
eligibility and 60% consent rate for eligible individu-
als, recruitment will take approximately 4 months.
C.2.6 Ethical approval, governance and risk as-
sessment.
Ethical approval and research governance
The study will be conducted in compliance with the
principles of the ICH GCP guidelines and in accord-
ance with all applicable regulatory guidance, includ-
ing, but not limited to, the UK Policy Framework for
Health and Social Care Research. Ethical approval for
this study will be sought from the Research Ethics
Committee combined with Health Research Author-
ity (HRA) approval via the IRAS electronic applica-
tion system.
No study activities will commence until favour-
able ethical opinion and HRA approval has been ob-
tained. Progress reports and a final report at the con-
clusion of the trial will be submitted to the approving
REC within the timelines defined by the committee.
The UHCW research and development depart-
ment will be asked for confirmation of capacity and
capability before commencement of the study.
Audit and inspection
The study may be monitored by the Research and
Development Department at UHCW as representat-
ives of the Sponsor, to ensure that the study is be-
ing conducted as per protocol, adhering to Research
Governance andGCP. The approach to, and extent of,
monitoringwill be specified in a trialmonitoringplan
determined by the risk assessment undertaken prior
to the start of the study.
Public and patient involvement
Patient group consultation was undertaken in the
design of the BOOST trial. As this observational
study is an addition to the BOOST trial and does not
involve an intervention no further patient group con-
sultation has been undertaken.
Data protection
The study will comply with the Data Protection Act
1998. Personally identifiable data of participants will
be stored onpaper in a lockedoffice. Thiswill include
the consent form, eligibility screening forms and a
table of patient names, date of birth, address andNHS
numbers, linked to a individual study specific identi-
fication number assigned upon recruitment. A copy
of this table will be stored electronically on the NHS
computer system, in encrypted format and accessible
only to the study team. The study ID number will be
used for all other documentation and data analysis.
TheMRI images will be exported from the UHCW
PACS (picture archive and communication system),
the electronic system which stores all the images
from all radiology investigations, to a solid state hard
drive for transfer to a university computer located in
a locked office in the CSB building on theUHCWsite.
At the point of export from PACS the MRI images are
fully anonymized and will be identified only by the
participant ID number.
Only members of the study team and authorised
representatives of the sponsor will have access to
study data.
Risk assessment
As a cross-sectional observational study recruiting
participants already planned for anMRI study, we do
not anticipate any significant risk to participants out-
side that of their normal care.
Potential risks and mitigation:
• Potential harm may arise from exposure to the
magnetic field gradients if a study is performed in
an individual with an implanted medical device
(dysfunction of the device), with incorrect pa-
tient positioning (burns) or if a metallic object is
brought into the study room and acts as a pro-
jectile. All patients are planned for a MRI as part
of their routine care and so no additional risk is re-
quired for the trial. The study will be performed
by a qualified radiographer following the normal
safety procedures at UHCW.
• For the purposes of the study the orientation of one
imaging sequence will be changed to standardise
with other NHS trusts. This potentially could re-
duce the diagnostic performance of the study due
to the performing radiographer and interpreting ra-
diologist being more familiar with the orientation
standard to UHCW. In mitigation, where possible
the studies on potential research participants will
be performed by a research radiographer who is fa-
miliarwith this protocol. Theproposedorientation
is the standard at most other NHS trusts and all ra-
diologists will have some experience in its use.
• Potential loss of confidential information. In mit-
igation datawill be stored as per the data collection
and storage section andwith respect to the relevant
legislation.
C.2.7 Study dissemination
On completion of the study it is intended to publish
the studywithin a peer reviewed journal. A plain text
summary of the study results will be posted to parti-
cipants who have given their permission for this.
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C.3 BOOST outcome measures
Primary:
• Oswestry disability index (Fairbank et al. 2000)
Secondary:
• Back and leg symptoms:
– Back pain troublesomeness (Parsons et al. 2006)
– Swiss Spinal Stenosis Questionnaire (symptom
subscale) (Stucki et al. 1996)
• Quality of life:
– EQ5D-5L (EuroQol Group 1990)
• Frailty:
– Tilburg Frailty Index (Gobbens et al. 2010)
– Hand grip strength (H. C. Roberts et al. 2012)
• Physical activity (Rapid Assessment Disuse Index
(Shuval et al. 2014)):
– Time spent moving around on feet
– Time spent sitting
• Mobility and Balance:
– Change in mobility over the past 6/12 months
(baseline/followup respectively).
– 6 minute walk test (Bennell et al. 2011)
– Prevention of falls network Europe self-report of
falls and falls related injury (Lamb et al. 2005)
– Short physical performance battery (Guralnik et
al. 1994)
• Self-efficacy:
– Confidence in walking 0.5 miles (Newell et al.
2012)
– Self-efficacy recovery and maintenance related
to performing home activities (Luszczynska et
al. 2011)
• Exercise adherence:
– Self-report of adherence to home exercise pro-
gram.
• Habit (automaticity):
– Self-report habit index (B. Gardner et al. 2012)
• Fear avoidance:
– Fear avoidance beliefs questionnaire (Waddell et
al. 1993)
• Global rating of perceived change:




– Change in back and leg problems
– Increase in physical activity
• Spinal alignment:
– C7 to wall measure (Wiyanad et al. 2018)
• Health resource use:
– Self-report of medication use
– Client Service Receipt Inventory (Thornicroft et
al. 2001)
The degree of thoracic kyphosis is measured us-
ing a modification of the occiput to wall distance
measurement. (Wiyanad et al. 2018) The participant
stands with their sacrum and back against a wall and
the distance from the C7 spinous process to the wall
is measured using a ruler. This method aims to im-
prove the reliability of occiput-wall measurement by
removing variability caused by head movement.
The SPPB measures three aspects of physical per-
formance, each rated on a scale of 0–4. Walking speed
was measured on a eight feet long course at the par-
ticipants usual walking speed with the faster of two
attempts recorded. Standing balance was judged on
the participants ability to maintain three test posi-
tions for ten seconds. Participants were finally scored
on the time it took them to perform 5 transitions
to a standing positron from sitting with arms folded
across the chest in a straight-backed chair. The scores
fromall three tests are added to provide thefinal SPPB
score (Guralnik et al. 2000).
The 6-MWT measures the distance a participant
is able to walk in 6 minutes around a indoor straight
and flat course with a minimum straight length of
10 meters. (Bennell et al. 2011) The participant was
also asked to indicate when they began to experience
symptoms during the test so the distance could be re-
corded.
BOOST baseline data collection
Demographic information:
• Age and sex




• Type of housing
• Current occupation
• Education





• Participants perceived ability to manage their con-
dition
• Self-report of current health conditions
• Other pain problems: Nordic pain questionnaire
(Kuorinka et al. 1987)
• Attitudes to Ageing Questionnaire (Laidlaw et al.
2007)
• Risk of developing persistent disabling back re-
lated symptoms: STarT Back Screening Question-




• Use of walking aids
• Self-rated walking speed
Psychological factors:
• Self-efficacy for exercise (short version) (Resnick et
al. 2000)
• Intention to carry out home exercise program
Imaging:




The following code was used to model nerve root compression within the lumbar spine and was described in full
in §8.4. It was coded for Python 3.8.5 (Built October 24 2020).
The software in the following section is provided ”as is”, without warranty of any kind, express or implied, including
but not limited to the warranties of merchantability, fitness for a particular purpose and noninfringement. In no event
shall the author or copyright holders be liable for any claim, damages or other liability, whether in an action of contract,
tort or otherwise, arising from, out of or in connection with the software or the use or other dealings in the software.
## Imports
from enum import Enum, IntEnum
import os
import re
import pandas as pd
import numpy as np
from datetime import datetime
from progressbar import progressbar
## Enums
class Side(Enum):




















"""Sites at which a nerve root may be compressed within a single spinal level.
CENTRAL refers to the central canal
LATERAL refers to the lateral recess
FORAMINAL refers to the neural exit foramen









"""Rule for combining compression information from quantitative and
qualitative grading systems to judge whether nerve root compression is
occurring at a single potential compression site.
AND - threshold for both quantitative and qualitative measurement must be met
OR - threshold for either the quantitative or qualitative measurement must be met
QUANT - only quantitative data is considered






"""Class which stores data and functions relating to a single nerve root.
Each spine consists of 7 paired nerve roots L1 through S2."""
def __init__(self, side, level, measurements):
"""Create a new NerveRoot.
SIDE - laterality of the nerve root.
LEVEL - neural exit foramen through which the nerve root exits the spine
MEASUREMENTS - reference to the measurements of canal size within which
the NerveRoot exists"""
## Set level and side
self.side = side
self.level = level
## Get possible compression sites
self.poss_cs = self._set_possible_cs(level)
## Extract local canal size and qualitative judgement of compression for
## each VLevel
self.quant_diameters = measurements.get_quant(self.poss_cs, side)
self.qual_diameters = measurements.get_qual(self.poss_cs, side)
def _set_possible_cs(self, nlevel):
"""Returns a dictionary which contains the location of a given nerve
root for all vertebral levels within the lumbar canal - i.e. the L5
nerve root is within the central canal at L3 and lateral recess at L4
Output dictionary structure - {VLevel : CS}"""
possible_cs = dict()
## Iterate through all lumbar vertebral levels
for vlevel in VLevel:
if vlevel < nlevel - 1:
## 2 levels and above away from the neural roots exit the root
## is in the central canal
possible_cs[vlevel] = CS.CENTRAL
elif vlevel == (nlevel - 1):
## One level away from the nerve roots exit the root is in the
## lateral recess
possible_cs[vlevel] = CS.LATERAL
elif vlevel == nlevel:
## At the level of the nerve roots exit the root is within the
## neural exit foramen.
possible_cs[vlevel] = CS.FORAMINAL
else:





"""Prints the relevant quantitative measurements canal size and
qualitative judgement of nerve root impingement associated with the nerve
root at each lumbar vertebral level."""
print(f"Nerve root: {self.side.name} {self.level.name}")
print("Quant: " + self._form_print_string(self.quant_diameters))
print("Qual: " + self._form_print_string(self.qual_diameters))
def _form_print_string(self, canal_measurements, digits = 1):
"""Iterates through all possible compression sites for the nerve root




CANAL_MEASUREMENTS - dictionary of measurements, quantitative or
qualitative, around the nerve root at each VLevel.
DIGITS - the number of digits to round to in the returned string.
"""
print_string = ""
## Iterate through possible compression sites.
for level, cs in self.poss_cs.items():
## Extract relevant measurement
value = round(canal_measurements[level], digits)
## Add to formatted string to be returned.
print_string = print_string + f"{level.name}({cs.name[0]}) {value} "
return(print_string)
def _process_thresholds(self, thresholds):
"""Extracts from a dictionary of thresholds the relevant threshold for
each possible compression site. Returns separate dictionary for
quantitative and qualitative measurements.
Output dictionary structure = {VLevel : Measurement Threshold}




## Iterate through compression sites.
for level, poss_cs_site in self.poss_cs.items():
## If root in central canal add central measurement thresholds.
if poss_cs_site == CS.CENTRAL:
quant_thresholds[level] = thresholds["dscsa"]
qual_thresholds[level] = thresholds["schizas"]
## If in lateral canal add lateral measurement thresholds.
if poss_cs_site == CS.LATERAL:
quant_thresholds[level] = thresholds["lrd"]
qual_thresholds[level] = thresholds["lgrade"]
## If in foramina add foraminal measurement thresholds.
if poss_cs_site == CS.FORAMINAL:
quant_thresholds[level] = thresholds["nfd"]
qual_thresholds[level] = thresholds["fgrade"]
## If root has left the canal add NaN place-holder




def check_compression(self, thresholds, combn_rule, debug = False):
"""For a given set of measurements thresholds, returns a Float
containing the number of sites at which the nerve root is compressed.
THRESHOLDS - dictionary of measurement thresholds
COMBN_RULE - CombnRule object specifying how quantitative and qualitative
measurements are to be combined.
DEBUG - if true print debug information"""
## Extract relevant thresholds for each possible compression site
quant_thresholds, qual_thresholds = self._process_thresholds(thresholds)
quant_compression = list()
qual_compression = list()
## Iterate through vertebral levels buiding a list of whether each
## measurement is beyond the threshold for stenosis





## Combine quantitative and qualitative measurements
if combn_rule == CombnRule.QUANT:
compression = quant_compression
elif combn_rule == CombnRule.QUAL:
compression = qual_compression
elif combn_rule == CombnRule.OR:
compression = np.logical_or(quant_compression, qual_compression)
elif combn_rule == CombnRule.AND:
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compression = np.logical_and(quant_compression, qual_compression)




print("Quant comp: ", quant_compression)
print("Qual comp: ", qual_compression)
print("Compression: ", compression, f"{return_value}\n")
return(return_value)
class Measurements():
"""Stores and processes measurements associated with a single MRI scan."""
def __init__(self, id_num, data):
"""Creates a new Measurements object from a given row of the MRI
measurements data frame.
ID_NUM - blinding id of MRI scan to be extracted
DATA - wide data frame containing MRI data"""
## Extract row from data frame
row = data[data["blindingID"] == id_num]
if row.shape[0] != 1:
raise RuntimeError("Incorrect row shape!")
## Extract dictionaries of measurements from the data frame row
self.dscsa = self._extract_central("dscsa", row)
self.schizas = self._extract_central("schizas", row)
self.lrd = self._extract_non_central("lateralDepth", row)
self.nfd = self._extract_non_central("foraminaDiameter", row)
self.lgrade = self._extract_non_central("lateralGrade", row)
self.fgrade = self._extract_non_central("foraminaLee", row)
## Convert qualitative grades strings to interger scale
self.schizas = self._convert_grades(self.schizas, "schizas")
self.lgrade = self._convert_grades(self.lgrade, "other")
self.fgrade = self._convert_grades(self.fgrade, "other")
def debug_print(self):
"""Print all measurements extracted and stored from data-frame"""
print("DSCSA: " + self._form_debug_string(self.dscsa))
print("Schizas: " + self._form_debug_string(self.schizas))
print("Left LRD: " + self._form_debug_string(self.lrd[Side.LEFT]))
print("Right LRD: " + self._form_debug_string(self.lrd[Side.RIGHT]))
print("Left NFD: " + self._form_debug_string(self.nfd[Side.LEFT]))
print("Right NFD: " + self._form_debug_string(self.nfd[Side.RIGHT]))
print("Left LGrade: " + self._form_debug_string(self.lgrade[Side.LEFT]))
print("Right LGrade: " + self._form_debug_string(self.lgrade[Side.RIGHT]))
print("Left FGrade: " + self._form_debug_string(self.fgrade[Side.LEFT]))
print("Right FGrade: " + self._form_debug_string(self.fgrade[Side.RIGHT]))
def _form_debug_string(self, measurement_list, digits = 1):
"""Format and return a string of measurements for printing from a given
measurement list.
MEASUREMENT_LIST - a list of measurements in order of vertebral level"""
print_string = ""
for value in measurement_list.values():
value = round(value, digits)
print_string = print_string + f" {value}"
return(print_string)
def _extract_central(self, var_name, row):
"""Extract central measurement VAR_NAME from a single row from the MRI data
frame. Return a dictionary linking vertebral level to the variable
measurement.
Output dictionary structure - {VLevel : measurement}
VAR_NAME - the variable to extract





## Iterate through columns matching the variable name
for label, series in row.filter(regex = var_name + "_L").iteritems():
## Extract the level from the column name
level = re.search(var_name + "_(L\d)", label).group(1)
## Add extracted measurement to dictionary
result[VLevel[level]] = series.tolist()[0]
return(result)
def _extract_non_central(self, var_name, row):
"""Extract lateralised measurement VAR_NAME from a single row from the
MRI data frame. Return a dictionary linking vertebral level and side to
the variable measurement.
Output dictionary structure - {VLevel : measurement}
VAR_NAME - the variable to extract
ROW - a single row data frame containing the MRI measurements."""
## Initialise dictionary with a sub-dictionary for each side
result = {Side.LEFT : dict(), Side.RIGHT : dict()}
## Regex for extracting side information
side_rx = "[0-9A-Z]*_(Left|Right)"
## Iterate through columns matching the variable name
for label, series in row.filter(regex = var_name + "_L").iteritems():
## Extract level and side information from column name
match = re.search(var_name + "_(L\d)" + side_rx, label)
level = VLevel[match.group(1)]
side = Side[match.group(2).upper()]
## Assign measurement to dictionary
result[side][level] = series.tolist()[0]
return(result)
def _convert_grades(self, input_grades, mode):
"""Convert extracted grade strings stored in a dictionary into an
integer scale between 1 and 3.
Output dictionary structure - { [Side] : VLevel : measurement }
INPUT_GRADES - dictionary of qualitative grades, with vertebral
levels/sides as keys
MODE - either "schizas" or "other" to determine how to convert grades.
"""
result = dict()
if mode == "schizas":
# Dictionary to convert grades to integers
conversion_grades = {"Grade A" : 0, "Grade B" : 1, "Grade C" : 2, "Grade D" : 3}
# Iterate through grades converting to the interger
for level, value in input_grades.items():
result[level] = conversion_grades.get(value, np.nan)
elif mode == "other":
# Dictionary to convert grades to integers
conversion_grades = {"Grade 0" : 0, "Grade 1" : 1, "Grade 2" : 2, "Grade 3" : 3}
# Iterate through sides
for side, sided_grades in input_grades.items():
result[side] = dict()
# Iterate through grades converting to the integer
for level, value in sided_grades.items():
result[side][level] = conversion_grades.get(value, np.nan)
else:
raise RuntimeError("Mode must be 'schizas' or 'other'.")
return(result)
def get_quant(self, poss_cs, side):
"""Given a dictionary of possible compression sites for a nerve root,
return a dictionary containing the relevant quantitative measurement for
each level
Output dictionary structure - { VLevel : measurement }
POSS_CS - dictionary of possible nerve root compression sites
SIDE - CS.SIDE object indicating nerve root side
"""
quant_values = dict()
## Iterate through possible compression sites and add the relevant
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## measurement for each site to the dictionary.
for level, cs in poss_cs.items():
if cs == CS.NONE:
quant_values[level] = np.nan
elif cs == CS.CENTRAL:
quant_values[level] = self.dscsa[level]
elif cs == CS.LATERAL:
quant_values[level] = self.lrd[side][level]
elif cs == CS.FORAMINAL:
quant_values[level] = self.nfd[side][level]
else:
raise RuntimeError("Invalid CS value.")
return(quant_values)
def get_qual(self, poss_cs, side):
"""Given a dictionary of possible compression sites for a nerve root,
return a dictionary containing the relevant qualitative measurement for
each level
Output dictionary structure - { VLevel : measurement }
POSS_CS - dictionary of possible nerve root compression sites
SIDE - CS.SIDE object indicating nerve root side
"""
qual_values = dict()
## Iterate through possible compression sites and add the relevant
## measurement for each site to the dictionary.
for level, cs in poss_cs.items():
if cs == CS.NONE:
qual_values[level] = np.nan
elif cs == CS.CENTRAL:
qual_values[level] = self.schizas[level]
elif cs == CS.LATERAL:
qual_values[level] = self.lgrade[side][level]
elif cs == CS.FORAMINAL:
qual_values[level] = self.fgrade[side][level]
else:
raise RuntimeError("Invalid CS value.")
return(qual_values)
class Participant():
"""Stores relevant data for each Participant/MRI. Provides functions to
assess the number of nerve roots compressed for a given threshold."""
def __init__(self, id_num, data, combn_rule = CombnRule.AND):
"""Creates a new participant, identified by an blinding ID (ID_NUM), and
associated with an MRI scan whose measurments are contained within a row
of the DATA frame.
ID_NUM - blinding number of MRI for participant
DATA - data frame containing MRI scans in wide format
COMBN_RULE - CombnRule object"""
self.id_num = id_num # Set blindingID
self.measurements = Measurements(id_num, data) # Create measurement set
self.update_combn_rule(combn_rule) # Set combn_rule
## Generate simulated nerve roots for participant
nerve_roots = list()









for root in self.nerve_roots:
root.debug_print()
def check_compression(self, threshold, debug = False, csv_output = False):
"""Returns number of single and multiply compressed nerve roots for a
given threshold. All nerve roots considered multiply compressed are also
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counted in single compressed nerve roots.
THRESHOLD - Threshold dictionary specifying thresholds to consider a
nerve root compressed.
DEBUG - If true prints debug information for each assessed nerve root.
"""
## Set counters to zero
self.num_roots_single_compres = 0
self.num_roots_multi_compres = 0
## Iterate through nerve roots updating counters for each
for root in self.nerve_roots:
num_sites_compressed = \
root.check_compression(threshold, self.combn_rule, debug)
if num_sites_compressed >= 1: # Compressed at least once
self.num_roots_single_compres += 1











"""Changes combination rule associated with participant. If an invalid
combination rule is provided returns warning and does not change
rule."""
if combn_rule in CombnRule:
self.combn_rule = combn_rule
else:
raise RuntimeWarning("Invalid combn_rule, ignoring.")
def _csv_output(self, threshold, single, multi):
"""Create output list for return from the check_compression function."""
output = ""
## Iterate through all threshold values.
for value in threshold.values():
output = output + f",{value}"
## Add single and multiple values




"""Iterator that provides all potential combination of values (for set step
sizes) for provided ranges of measurements of the spinal canal. On
completion returns None."""
def __init__(self, dscsa_range, lrd_range, nfd_range,
schizas_range, lgrade_range, fgrade_range,
combn_rule):
"""Creates a new Threshold iterator.
Expects range-objects as inputs for each variable."""
## Store ranges





self.dscsa_range = range(0, 1, 1)
self.lrd_range = range(0, 1, 1)
self.nfd_range = range(0, 1, 1)





self.schizas_range = range(0, 1, 1)
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self.lgrade_range = range(0, 1, 1)
self.fgrade_range = range(0, 1, 1)








## Calculate total number of thresholds in iterator
self.total = len(self.dscsa_range) * len(self.lrd_range) * \






"""Provide the next threshold as a dictionary of threshold values"""
# Increment base index
self.dscsa_index += 1
# Detect overflow of each index and adjust the remainder of the indices
# accordingly
if (self.dscsa_index >= len(self.dscsa_range)):
self.dscsa_index = 0
self.lrd_index += 1
if (self.lrd_index >= len(self.lrd_range)):
self.lrd_index = 0
self.nfd_index += 1
if (self.nfd_index >= len(self.nfd_range)):
self.nfd_index = 0
self.schizas_index += 1
if (self.schizas_index >= len(self.schizas_range)):
self.schizas_index = 0
self.lgrade_index += 1
if (self.lgrade_index >= len(self.lgrade_range)):
self.lgrade_index = 0
self.fgrade_index += 1
if (self.fgrade_index >= len(self.fgrade_range)):







def main(data, output_path, skip = []):
"""Main function."""
## Print current time
current_time = datetime.now().strftime("%H:%M:%S")
print(f"Starting at {current_time}")
## Create a participant object for each patient in the MRI data
participants = list()
for id_num in data.blindingID:
participants.append(Participant(id_num, data))
print("Completed participant generation")
run = -1 # Keeps track of total number of iterations
## Iterate through all combination rules
for combn_rule in CombnRule:
## Check if combination rule should be skipped





## Set combination rule across all participants
print(f"Updating participants to use combination rule {combn_rule.name}")
for participant in participants:
participant.update_combn_rule(combn_rule)
## Create a new set of thresholds for the combination rule







## Print total number of iterations expected for this threshold set
print(f"Total expected runs: {thresholds.total}")
## Open a file to store the data in CSV format
print(f"Creating {combn_rule.name}.csv")
output_file = output_path + f"/{combn_rule.name}.csv"
with open(output_file, 'w') as f:
## Column names header
col_names = "run,blindingID,dscsa,lrd,nfd,schizas,lgrade,fgrade,sing,mult\n"
f.write(col_names)
## Iterate through all threshold values
for threshold in progressbar(thresholds, max_value=thresholds.total):
run += 1 # Update run counter
## Iterate through all participants, checking compression status
for participant in participants:
output = participant.check_compression(threshold, csv_output=True)
output = f"{run},{participant.id_num}" + output + "\n"
f.write(output)







DSCSA_RANGE = np.arange(40, 130, 10)
LRD_RANGE = np.arange(0, 7, 1)
NFD_RANGE = np.arange(4, 9, 1)
SCHIZAS_RANGE = np.arange(0, 4, 1)
LGRADE_RANGE = np.arange(0, 4, 1)
FGRADE_RANGE = np.arange(0, 4, 1)
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